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Abstract

This thesis presents a study of material characterisation methods and techniques, which can

determine the effects of surface and structural defects on the properties of single crystal rubrene.

A method of cleaving is devised to produce surfaces free from previous exposure to the ambient.
This method reproducibly provides large terraces intersected by straight, well orientated step
edges. Atomic force microscopy studies show the cleaved surfaces undergo environmentally
dependent molecular reorganization. This results in the formation of nanoscale ‘beads’ at
molecular step edges and narrow ‘fingers’, one molecule high. The beads show an insulating

behaviour with increased conduction at the surrounding surface.

The methodology of applying time of flight secondary ion mass spectroscopy to rubrene crystals
is developed to study the chemical composition both at and below the surface. This shows a
uniform oxide (C4HxsO) covering the surface with an increased concentration of peroxide

(C42H2802) located at crystallographic defects.

To investigate the effect of surface and defects on exciton dynamics in rubrene a confocal
photoluminescence (PL) arrangement is designed and built. An extended PL distribution is
imaged providing evidence of exciton diffusion within the material. This diffusion is seen to
increase within the bulk with a suppression of emission at 603nm. Defects are seen to affect PL
with emission of the 650nm PL band having a greater contribution in the presence of defects.
This emission is also spatially displaced from the maximum intensity of the other bands. These

results imply the existence of a defect mediated recombination pathway.
ply p y

These studies show that environmental reactions readily occur at the location of crystallographic

defects and step edges. This is of importance to the operation of rubrene electrical devices.

This work provides a set of techniques and developed methodologies which enable the
characterisation of technologically important processes on rubrene. These should extend to

other organic single crystals such as pentacene and tetracene.
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Chapter 1

Introduction

Organic semiconductors form the basis of organic electronics and photonics. They are materials
formed of hydrocarbons which possess semiconducting propertiest due to the conjugated nature

of their bonding.

www .elght19.com

Figure 1-1 Flexible organic solar cell produced by eight19.

The interest in organic semiconductors has rapidly increased over the past two and a half
decades. This great interest arises from the unique properties which this class of semiconductors
possesses. These include being easily solution processed at relatively very-low cost which allows
deposition onto low cost, large area, flexible substrates.[1, 2, 3, 4, 5] The ‘soft’ nature of organic

electronics also makes it’s interface with biology a possibility.|6, 7|

The compatibility with flexible substrates is made possible due to the low temperature solution
based processing that removes the necessity for rigid substrates that are required to withstand
the high temperatures during deposition of traditional semiconductor materials. The benefits of
this development are not just confined to novel device design previously inaccessible, such as
electronic devices which can replicate the flexible nature of paper for e readers, or solar chargers

which can be rolled up. The major benefit is the new manufacturing processes allowed, such as

T Semiconductors are a class of solids which sit in between conductors and insulators. They are insulators
at 0 K and require energy to provide free charge carriers which allow current to flow.
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newspaper style roll to roll printing of electronics.[8] This manufacturing technique has the

potential to reduce production costs of electronic device fabrication.[9]

One of the most important and novel properties of organic semiconductors is that the structure
of their constituent molecules can be altered. This allows “tuning” of the semiconductors
properties such as band gap energies and therefore emission and absorption wavelengths.[10, 11]
These properties mean that the fields of organic electronics and photonics are ideally suited to
facilitate the development of flexible, low-cost, disposable electronics. This includes devices such
as organic solar cells, light-emitting displays, smart tags and molecular sensors.[4, 9] Figure 1-1
shows a flexible organic solar cell exemplifying the potential device design opportunities which

organic semiconductors offer.

The study of organic materials for use in photonics and electronics began in the 1960's when
electro-luminescence was first seen in organic semiconductor crystals.[12, 13] Upon this
discovery a small scientific community began to form with an interest in the electrical properties
of these small molecules and also conjugated polymers. This community and the interest in these
materials flourished in the 1990's, making huge progress by the end of the decade with the 2000
Nobel prize for chemistry being awarded to A.J.Heeger, A.G.MacDiarmid and H.Shirakawa for

their research into the area of conductivity of organic materials.[14, 15, 16, 17]

Research into organic semiconductors has now taken two specific directions. Each direction
concentrating on one of the two distinct groups of organic materials: organic small molecules
and polymers. Although much research has been carried out in both areas, an understanding of
the fundamental properties of organic materials is lacking. Notably charge transport, which is
well understood and modelled in inorganic materials, is a topic of debate and controversy in
organic semiconductors. It is expected that due to the low coupling between molecules in
organic materials a charge hopping mechanism for conduction should exist though experimental
data seems to show a much more band like charge transport mechanism. A well-defined model
of the transport mechanisms leading to an understanding of the origin of band gaps and band
gap states is needed to further our understanding of both optical and electronic characteristics in

organics. This is discussed in further detail specifically in the context of rubrene with Section 2.2

Both groups of organic materials are commonly processed as amorphous films which can be
easily produced over large areas. However this leads to a high level of disorder, making probing
of the fundamental properties at best problematic, and in general almost impossible.[18, 19] The
single crystalline form of the material has a highly ordered structure over large areas and an

increased purity. It is this lack of defects and well orientated structure which allows bypassing of
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the disorder limited processes and produces the highest charge carrier mobilities and longest
exciton diffusion lengths recorded in organic bulk materials increasing their potential
performance for use in field effect transistors and photovoltaic cells respectively.[20, 21, 22, 23]
These single crystals allow access to the fundamental (non-defect limited) material properties:
charge excitation, transport of the resultant carriers, intrinsic surface and interfacial phenomena

and pure-materials optical spectra.

Figure 1-2 Left, Worlds first curved 3D OLED TV produced by LG. Right, OLED white light
source panels produced by LG Chem.

Although a thorough model of the intrinsic electronic properties of organic semiconductors is
yet to be defined, research has led to applications in low-cost, flexible and efficient electronics
such as flexible displays, organic solar cells and printed microelectronic circuits.|2, 4, 24] Figure
1-2 shows some of the applications of organic semiconductors which are currently commercially

available.

1.1 Why is rubrene of interest?

The studies reported within this work will focus on rubrene (CsHozg). This organic
semiconductor in its crystalline phase has shown excellent properties making it the ideal material
for studying the mechanisms which control the properties of organic semiconductors. Figure
1-3, Figure 1-4 and Figure 1-5 exemplify some of the properties which make rubrene a material
of such interest. These include the highest recorded field effect mobility for any bulk organic
semiconductor; a mobility larger than that of amorphous silicon, as shown in Figure 1-3. High
carrier mobility increases the speed at which a transistor can be “turned on or off” making
rubrene an ideal material for the development of high performance field effect transistors.[22,
23, 25] Rubrene also shows the largest diffusion of photo excitation energy. This is mediated by
molecular excitons and has been directly imaged, as shown in Figure 1-4.[20] A long excitation
diffusion length provides the possibility of highly efficient photovoltaics as excitons must diffuse

to an interface in order to contribute to the electronic current. As discussed by Najafov et al. [21]
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recent studies of organic semiconductors have concentrated on polycrystalline and amorphous
films where the exciton diffusion length is on the order of ~ 10-50 nm, much smaller than the
absorption length of light in the visible spectrum with an absorption coefficient of approximately
1 pm. Rubrenes exciton diffusion on the pPm scale therefore creates an excellent platform for the
development and study of single crystals for use in organic photovoltaics. The processes defining

exciton generation, diffusion and separation are discussed in Section 2.3.5

Figure 1-5 demonstrates how the mobility of single crystal rubrene remains constant even with
bending of the crystal to substantial radiuses,[26, 27] another property showing the potential for

novel device design which rubrene offers.

! & R
fOt this unage%
MANN

Figure 1-3 The rubrene field effect mobility placed in context of the standard field effect
mobilities of other technologies Right' rubrene field effect transistor on a single crystal.
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Figure 1-4 Direct image of the large exciton diffusion in rubrene singly crystals.[20]
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Figure 1-5 Device images and plot of bending vs. mobility showing the maintained integrity of
flexible rubrene transistors.[27]

1.2 Thesis outline

Within the studies presented in this thesis I aim to explore the effect of exposure to the ambient
environment. Particular attention is paid to the development of the material at the site of defects.
These locations are seen to play a key role in evolution of rubrene upon exposure to the
ambient. In characterising the material 1 will probe the electrical, optical, topographical and
chemical properties of the material. Understanding how these properties change will provide

valuable information for the design and operation of future rubrene based electronic devices.

This thesis begins with a detailed discussion of the physical processes which are known to
control the properties of rubrene. This discussion will include the processes which are
commonly accepted throughout the research community as well as the areas in which ambiguity
still exists. This chapter will also introduce the affects which defect incorporation can have upon
the material’s properties. After this discussion the aims of the research will be presented. This
will be followed by an explanation of the experimental techniques undertaken within the
research. Chapters 4, 5 and 6 will then present and discuss the findings of each set of studies.
Each of these chapters will concentrate on one of the three main techniques employed: atomic
force microscopy, time of flight secondary ion mass spectroscopy and optical spectroscopy.
Chapter 7 will then present the conclusions of the work and introduce the future studies which

will be undertaken in response to the research presented in this thesis.

16



Chapter 2

Rubrene the molecule & crystal

Rubrene (5,6,11,12-Tetraphenyltetracenet) consisting of 42 carbon and 28 Hydrogen atoms
(C42Hog) is a polycyclic aromatic hydrocarbon, (polycyclic, meaning contains multiple closed rings
of atoms; aromatic, meaning containing benzene rings; hydrocarbon, meaning composed entirely
of hydrogen and carbon). It is one of the most exciting and promising small molecule organic
semiconductors, being a record breaker in photocurrent generation efficiency, exciton diffusion
length and charge carrier mobility.[22, 23, 25] The first successful demonstrations of high-
performance organic field effect transistor (OFET) devices were performed on single crystal
rubrene in 2002-2003.]28, 29] Rubrene also shows an interesting set of photo physical processes
including: luminescence mediated by band gap states[30] and structure dependent photo
luminescence.[31] Due to all of these properties, rubrene is an excellent candidate for electrical
components, primarily photovoltaic cells and field effect transistors. The purity of crystals grown
via the vapour transport method also makes the material an ideal model system for organic
molecular crystals, allowing us to probe the “upper limit” of what can be aimed for in practical

organic electronic devices.

Having been the focus of intense study, rubrene still has many questions yet unanswered about
its properties. Currently the nature of excitons and the origin of band gap states, which both
affect the conductivity of the material, are areas of concentrated research. These electronic
properties are sensitive to both atmospheric and material treatment. Before reliable device

fabrication can be accomplished they require understanding and controlling.

Within this chapter I will review the material rubrene in single crystal form, looking at some of
the physical processes which control its observed properties. I will finish by posing the questions

I will aim to address throughout the work presented here.

# IUPAC nomenclature, 5,6,11 & 12 refer to the location of the phenyl groups.[107]
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2.1 The material

2.1.1 The molecule, C42Hzg
Rubrene molecules consist of a tetracene backbone (4 fused benzene rings) with two phenyl side

rings attached to each of the central benzene rings, as shown in Figure 2-1.[32]

Figure 2-1 3D image of the molecular structure of rubrene. Hydrogen and carbon are
represented in light blue and red respectively. The molecule consists of a tetracene backbone (4
fused benzene rings) and 4 phenyl side groups.

The tetracene backbone produces a conjugated conduction pathway across the molecule. The
large rotation of the phenyl groups out of the plane of the backbone reduces the delocalisation
of the electron wave function over the entire molecule. This prevents a conduction pathway
from existing perpendicular to the tetracene backbone. As is discussed further in Section 2.2 .
Petrenk ef al. report an interesting study on the effect of the phenyl rings by comparing the
respective molecular orbitals of rubrene and tetracene,[31] showing evidence of greater coupling
to vibronic modes in rubrene. Although of note, their study concentrated on the single isolated

molecule and within this work I will be concentrating on rubrene in crystalline form.

2.1.2 The crystal

Within this study I aim to probe the intrinsic properties of the material rubrene, investigating
how these are altered by the presence of external components introduced by exposure to the
ambient environment. In order to probe these properties we must start with a high quality
sample which is not dominated by defect driven processes. It is well known that for
polycrystalline and amorphous films of rubrene, defects are readily and unintentionally
incorporated within the material.[33, 34, 35] The most pure form of the material, which is
resilient to the incorporation of chemical defects, and contains a low density of structural

defects, is that obtained in the high quality crystals grown by vapour transport (see Section 2.1.3
)-
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The most common polymorph of rubrene crystals grown by vapour transport has an
orthorhombic symmetry with a “herringbone’ packing in the ab-plane as seen in Figure 2-2.[32,
36] The unit cell of rubrene contains 4 molecules and has dimensions as specified in Table
2-1.]32] Throughout this work I will adhere to the nomenclature presented in Figure 2-2 for the
crystallographic axes of rubrene. Any data referred to will also be presented adhering to these

labels regardless of the nomenclature of the source material.

Figure 2-2 Diagram of the crystallographic packing of rubrene. The exposed (001) surface
within the ab-plane is the largest facet which is produced in rubrene crystal growth. The
herringbone structure is highlighted by orange sticks.

Table 2-1 Structural parameters of crystalline rubrene, values are for a crystal at a temperature of
293K. [32]

Parameter Value
a[A] 7.193(3)
b[A] 14.433(5)
c[A] 26.86(1)

Volume [A3] 2788.5(18)

19



2.1.3 Crystal growth

As stated, samples used in the studies presented within this thesis are grown using the vapour
transport method.[37] Growth was undertaken by the group of Professor Kloc at Nanyang
Technological University. Figure 2-3 shows the apparatus used in the growth of crystals. A
temperature gradient is set up along a quartz tube. At the peak temperature the source material is
sublimated and a flow of inert gas transports the material along the tube. At lower temperatures
the rubrene molecules are deposited and crystallisation occurs. The temperature gradient acts to
purify the crystals as samples containing defects are seen to be produced at different
temperatures to the pure rubrene crystals.[38] This means that purity of a crystal can be inferred
from its position along the growth chamber. This ensures that only high purity crystals with low

defect incorporation are used.

Heating element
Quartz tube Source material Crystallisation

S

Gas Inlet .
Gas exhaust

Temperature

Distance

Figure 2-3 Schematic showing the process and apparatus used for the vapour transport
deposition method of growing single crystal rubrene. Inert gas flows through a tube held at a
temperature gradient. Sublimated source material is carried by the inert gas to a temperature
region where deposition and crystallisation occurs.

2.2 Conduction within rubrene

To try and begin to unravel the complex nature of conduction and charge transport in rubrene 1

will here introduce the concepts of charge transport in organic crystals. I will then look at several

studies focused on the transport of charge carriers within rubrene.

2.2.1 Bonding and conduction within organic materials

Within single crystal rubrene the molecules are bound by weak Van der Walls bonding which
leads to weak intermolecular interactions. This is in contrast to the strong covalent bonds
between the atoms of the individual molecules which lead to strong intermolecular interactions.
This bonding in the case of conjugated molecules leads to a delocalisation of electrons over the
entire molecule. To understand how this occurs, first picture the carbon atom which has

electrons in each of the outer 2s, 2py, 2py and 2p, orbitals. When carbon-carbon bonds form, the
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valence electrons of the carbon atom rearrange into new orbitals, producing a sp*-hybridised
basis set.[39] Figure 2-4 a) shows the formation of methane, CHs, here the mixing of the
carbon’s 2s and 2p orbitals produces a sp? hybrid orbital. Each sp? orbital bonds with a 1s orbital
from a hydrogen atom, this produces a o-bond. This shows how the mixing of the s and p

orbitals is able to bring about a different geometric configuration of the bonding.

a) b)rr - bond
1s orbital— ™

2p, orbital
/

sp? orbital ’ i
¥ sp? orbital

o - bond

Figure 2-4 Figures showing the formation of 1 and o orbitals. a) In CHa, the four orbitals of the
sp> hybridised carbon atom are directed towards the hydrogen atoms, each sp? orbital combines
with a 1s orbital to form a bonding molecular orbital; four o-bonds are created in a tetrahedral
orientation. (Moditied from [39]). b) C:Hs exhibiting the double bond nature of two sp?
hybridised carbon atoms bonding. A o-bond is formed between the sp? orbitals directed at each
carbon atom, the p, orbitals (1 from each carbon atom) overlap to form a bonding molecular -
orbital, (hydrogen atoms are removed for clarity).

For conduction to occur in organic materials it is well known that conjugation is required.
Conjugation refers to the alternating sequence of single and double bonds in the molecule.
Figure 2-4 b) exemplifies the importance of the carbon — carbon double bond within conductive
conjugated molecules. This case shows the double bond character of ethylene, CoHy. Here sp?
hybridisation of the carbon molecules produces three sp? orbitals within a single plane which
form o-bonds. The remaining p, orbitals (one from each carbon atom) form a © bond which is

out of the plane of the molecule.

b)

a) y

C
\(i/ -

7

AN
=
H

structure of benzene o - orbitals 7 - orbitals

H

H

Figure 2-5 Electronic structure of a benzene ring, the basis of all aromatic molecules.
a) structure of benzene ring, b) o — orbitals of the molecule which all lie within a single plane,
these are formed from the sp? orbitals of the carbon atoms. ¢) Superposition of the p, orbitals

forming n-bonding orbitals. This leads to delocalised charge density over the entire molecule.
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When we now extend this principle to an entire conjugated molecule, such as benzene, CsHg as
in Figure 2-5, we see that the bonding molecular m-orbital leads to a delocalisation of the
electron over the entire molecule. The benzene ring as seen in Figure 2-5 is the basis of all
aromatic conjugated hydrocarbons, such as the highly conductive tetracene backbone within

rubrene.

2.2.2 Coupling between molecules

The delocalisation of the m-electrons within molecules only informs us of half the story. As
explained previously each molecule within a molecular crystal is held in place by weak Van der
Walls forces, meaning there is little intermolecular interaction. For this reason the optical
properties of molecular crystals strongly resemble those of isolated molecules. In order to have
an understanding of conduction channels and their properties within molecular crystals we must
understand the movement of charge between molecules. One important factor describing this is
the interchain transfer integral ‘t’.[40, 41] Brédas e al explain that “the interchain transfer
integral expresses the ease of transfer of a charge between two interacting chains.”’[40] The
transfer integral is direction specific. The main factor determining the transfer integral is the
overlap of molecular electron wavefunctions within a specified direction. More details on

transfer integral can be gained from da Silva ez a/.[41]

Figure 2-6 shows the electron wavefunctions for a rubrene molecule in its Highest Occupied
Molecular Orbit (HOMO) and its Lowest Unoccupied Molecular Orbit (LUMO) these are the
states which lie at either edge of the semiconductor band gap. For this reason the HOMO and
LUMO are the most important molecular orbitals in the description of opto-electronic processes

within the material.

AL hHn1I IV

Copy right not recieved for th1s 1ma\

Figure 2-6 Electronic structure showing the molecular orbitals of rubrene calculated by density
functional theory, a) chemical structure of rubrene, b) Molecular orbital of the highest energy
occupied state, (Highest Occupied Molecular Orbital), ¢) Molecular orbital of the lowest energy
excited state, (Lowest Unoccupied Molecular Orbital). [41]
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Interestingly the HOMO and LUMO of both rubrene and tetracene are very similar in both
shape and energy. This is clearly shown by Demétrio ¢ a/,[41] who highlight that the large
torsion angle between the phenyl rings and the tetracene backbone (measure to be ~85° in the
crystal, [42]) strongly reduces mixing of the molecular orbitals between the backbone and side
groups. This is likely to have a large effect of reducing the conduction of electrons laterally

across the molecule (ie. from phenyl ring to backbone to phenyl ring).

NLLINN \
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Figure 2-7 a) Illustration of the lattice parameters within the ab-plane of crystalline rubrene.

The Short —axis and long axis displacements along the m-stacks in the a direction are also
indicated. [41] b) Evolution of the calculated HOMO and LUMO transfer integrals as a function

of displacement of two tetracene molecules stacked along the rubrene a direction with a m-
stacking distance of 3.72 A as found in the rubrene crystal. [41]

Within rubrene Demétrio ez a/|41] have calculated a large value for the transfer integral along the
a-axis with a smaller interaction calculated along the diagonal d direction (labelled in Figure 2-7
a) ). The calculations for all other directions produced a negligible transfer integral. This leads to
the understanding that movement of charge between molecules will occur in one of these two
directions. Both rubrene and pentacene stack in a similar herringbone structure and in fact
pentacene has a larger molecular density than rubrene with a shorter stacking distance between
n-bonds. The larger transfer integrals of rubrene must therefore be triggered by the presence of
the phenyl side groups. Due to the presence of the phenyl groups a long-axis displacement
occurs in the crystal packing of the rubrene molecules. To see the effect of the long axis
displacement Demétrio ¢7 a/. calculated the change of # with respect to the displacement distance.
This can be seen in Figure 2-7 b). Amazingly the displacement of rubrene, at 6.13 A, coincides
with an extreme of the transfer integral of both HOMO and LUMO. (Note that for the

calculation of transfer integral in Figure 2-7 b) the side phenyl groups were replaced with
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hydrogen atoms to avoid the major steric interactions upon displacement.) The increased charge
transfer integral along a-axis is also believed to be due to the absence of short axis displacement

between the adjacent molecules.

The results in this section describe the probability of charge transfer between molecules in
respective directions. The discussed data leads to the prediction that charge movement through
the crystal will be highly anisotropic, with high mobility in the a crystallographic axis. Any
mobility within the b-axis will most likely be occurring due to charge transfer in the d direction.
This anisotropic mobility agrees with measured results and is discussed further in the following

section.

2.2.3 Mobility, p
Characterisation of charge transport in organic semiconductors is usually by charge carrier
mobility, u, as with inorganic semiconductors. u is defined in equation ( 2-1 ) where ¢ is the

charge in coulombs, 7, the scattering time of the carrier and  is the mass of the carrier.

qt -
u-o" (21)
Equation ( 2-2) uses the carrier mobility to calculate the drift velocity of the charge carrier for a
given applied electric field. It can be seen from this equation that the mobility effectively tells us
how easy it is for a charge carrier to move through the given system under the influence of an

electric field. Therefore an increase in mobility leads to a higher conductivity. From Equation (

2-2)) the units of mobility can easily be derived to give cm?(V-s)-.
J =4qnuE = vq = pE (22)

Within Equation ( 2-2) | is the current density [C-cm?], # is the volume density of charge carriers

[cm?], E is the applied electric field [V'm-!] and vq is the drift velocity [cm-s!].

2.2.4 Methods of charge transport in molecular crystals

Within solids there are two extreme types of carrier motion. The first, in which carriers move as
a highly delocalised wave, in a broad carrier band, with a relatively large mean free path, is
termed band-like. In the second, carriers are highly localised and move by hopping from site to

site, being scattered at virtually every step.[39]

Band-like conduction is found in highly ordered, pure crystals. Often charge transport properties

are highly dependent on crystallographic direction. As within this mechanism transport is
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hindered by scattering, there is an inverse proportionality of mobility with temperature, T, as
shown in Equation ( 2-3 ) where » > 1. This method of transport is depicted in Figure 2-8 a).
Electric field
< : >

a) Band type conduction

, Delocalized electron

Lattice vibration
o
B7AN

Scattered electron

AAN

b) Hopping conduction

;s Localised electron

Lattice \)ibration

Figure 2-8 Two proposed methods of transport within rubrene, a) Band-like transport: In a
perfect crystal, depicted as a straight line, a free carrier is delocalised, it moves as a plane wave
without scattering. In a real crystal there is the existence of lattice vibrations or phonons that
disrupt the crystal symmetry. These phonons scatter the electron acting to reduce the mobility.
Lowering the temperature reduces the presence of lattice vibrations therefore increasing the
mobility. b) Hopping transport: If carriers are localised due to defects, disorder, or self-
localisation, then lattice vibrations are essential for carriers to move from one site to another.
This is an activated process and therefore the mobility will increase with increasing temperature.
(Modified from [39])

The Hopping transport mechanism is thermally activated, with carriers hopping discontinuously
between adjacent molecules. This method of transport is often predominant in crystals with high
disorder and defect content.[39] As this mode of transport requires the existence of lattice

vibrations the mobility increases with temperature as expressed in Equation ( 2-4 ) where E is
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the activation energy and £ the Boltzmann constant. This method of transport it depicted in

Figure 2-8 b).

pocT™ (2:3)

s exn(~Er) 2

The charge transport through molecular crystals is complex and cannot be defined as distinctly
either hopping or band-like; instead it is likely to be a hybrid of the two. Due to relatively weak
intermolecular interactions with organic crystals, it is often expected that the hopping regime
should be dominant. This type of conduction though would be extremely unlikely to yield even
the modest mobilities of lesser performing crystals such as anthracene, (u = 1 cm?(V-s)! ). It

certainly would not produce the values which rubrene achieves, being quoted as high as 40

cm?(Ves) .

The next section will go on to look at some of the important results which have been achieved in
studying the mobility of rubrene. It is important to note that the mobility of rubrene which we

discuss refers to holes only.

2.2.5 Mobility in rubrene single crystals
The standard measure of mobility in organic materials is the field effect mobility acquired by
creating a field effect transistor (FET) at the surface of rubrene. An example of a rubrene FET is

shown in Figure 2-9.

Chapter 3 written by V. Podozorv in “Organic field-effect transistors” goes into detail on the
operation of single crystal OFETS, with the chapter concentrating on the case of rubrene.[43] 1

will here briefly describe the operation.

Free charge carriers can be introduced into organic semiconductors via chemical doping, photo
generation or electrical injection. Rubrene has not been intentionally doped in measurements of
the field effect mobility or in any studies within this thesis. Therefore mobile charges must be
injected at the contacts; these are electrons or holes depending on the mode of operation. These
mobile charges move along a field induced conduction channel between rubrene and a gate
dielectric. Successful FETs have been produced using several fabrication methods including:
conformal coating of a parylene gate dielectric by deposition on the surface,[28, 29] air gap FETs
such as that depicted in Figure 2-9,[44, 45] and electrostatic attachment of Si/SiO; structutes

with evaporated contacts.[46] A large advantage of the air gap FET's which are produced on soft
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stamps is that they can be applied, removed and reapplied without damaging the crystal. This
allows multiple measurements on the same crystal in varying orientations and geometries. As
contact resistance is not negligible a four probe technique is used to measure the resulting

currents and voltage.[43]

Similar to most organic materials rubrene operates with a hole mobility greater than that of the
electron mobility, the electron mobility of rubrene being smaller by two orders of magnitude
reaching maximum values of 0.81 cm?(V's)1.[47] For this reason rubrene is often termed a p-
type semiconductor, this does not imply doping of the material as in inorganic semiconductors
and is simply used to identify the material as having higher hole mobility. The understanding of
the higher hole mobility often seen in organic materials is described by Kymissis in Chapter 2 of
Organic Field Effect Transistors.[48] The majority of organic semiconductors are dominant hole
carriers, this can be understood when thinking of the hydrogen atoms which surround the back
bone. Kymissis explains, “ the hydrogen atoms are less electronegative than the carbon
backbone itself and lend some electron density to the delocalized pi-electron cloud. The electron
rich conjugated molecule has difficulty accepting another electron, but is able to lose an electron
with relative ease. As a consequence, positive charge carriers dominate”. This clearly explains the
dominance of hole transport within organic materials and in our case rubrene. A more detailed

description of organic FETSs can be gained from the books by Kymissis and Podzorov.[43, 48]

Source
Rubrene

\ Drain

Gate
PDMS

Air gap

Figure 2-9 Schematic diagram of the FET used to measure the directional dependence of
mobility within a rubrene crystal as reported in [50]. The flexible PDMS substrate allowed the
contacts to be removed and re-applied in different orientations.

The Shockley FET model can be used to describe characteristics of a rubrene FET.[3, 49] This
model has two regimes, the first in which there is a linear relationship between the gate voltage,
17¢, and the source-drain current, I/, for the constraint that |V | > |Vsp|. The second regime
is a quadratic relationship in the saturation regime which exists when |Vg| < |Vgp|. These

regimes are described by Equations ( 2-5) and (2-6 ) ,where IV and L are the width and length
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of the region between soutce and drain, 17 is the threshold voltage and C; is the gate-channel

capacitance of a FET per unit area. [3]

i w
ISDlm — TﬂCiVSD(VG —Vr) ([Vgl >» [Vspl) [3] (2-5)

w
Isp™ = 2 uC, (Ve — Vi) (Wel < IVspD) [3] (20

Figure 2-10 a) shows the measured transconductance of a rubrene FET which agrees in textbook
fashion to the Shockley FET model.[3] Of note in Figure 2-10 a) is the neartly zero threshold
voltage which indicates a low density of deep traps. The measurements of transconductance
show excellent linearity of Isp(17) and Isp’/?(17¢) which is of importance as Equations ( 2-5) and
( 2-6 ) assume the mobility is carrier density independent. The linearity therefore justifies the
extraction of mobility from the data in Figure 2-10 a), this is shown in upper insert where the

mobility plateau at the same value.

Figure 2-10 b) shows the dependence of mobility with temperature. Above 175 K there is an
inverse relationship with temperature which, as discussed in Section 2.2.4 , implies the method of
charge movement is via band-like conduction. This is in agreement with the large band widths
which were predicted by da Silva ez 4/ [41] The anisotropy of mobility within the two
crystallographic axes of the ab-plane is also clearly seen. This agrees with the anisotropic transfer
integral calculations discussed in Section 2.2.2 . The anisotropy of rubrene mobility is also shown
in the work by Resse ¢ a/[50] displayed in Figure 2-10 d) which clearly shows the increased

mobility in the a direction.

The mobility plots for both axes in Figure 2-10 b) show that at temperatures below 175 K,
mobility decreases exponentially with cooling. Podzorov e a/. conclude that this is evidence of
shallow trap dominated charge transport. [45] Figure 2-11 shows a qualitative diagram of the
energy levels proposed by Podzorov ef al. which describe this shallow trap dominance. They
suggest that within the HOMO-LUMO gap there is the presence of localised states (traps).
When p-type carriers are injected they fill these traps and are therefore unable to contribute to
conduction. As T increases thermal excitation promotes these carriers from the shallow traps

into the HOMO band where they can be utilised for conduction.
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Figure 2-10 a) Measurements of rubrene single crystal FETSs, both regimes show remarkable
linearity allowing valid use of the FET equation to extract values for mobility.[3] b) The
temperature dependence of field effect mobility and the threshold voltage measured along the a
and b axes of rubrene crystals.[45] c¢) Temperature dependence of Hall mobility uy (blue solid
circles) and the mobility extracted from the conductivity, using the density of charge carriers
calculated from the gate-channel capacitance (black open circles).[51] d) Field effect mobility as
a function of orientation, averaged over source/drain voltage from -2 to -10. [50]

Figure 2-10 c) shows the temperature dependence of the Hall mobility, un, in comparison to the
longitudinal FET mobility. The hall mobility is not dependent on ¢ or the density of charge
carriers and should therefore not be affected by the traps described in Figure 2-11 which reduce
the effective FET mobility. Measurement of the hall mobility therefore gives us access to the
intrinsic, trap free mobility. As can be seen the mobility has an inverse relationship with T. This
indicates that charge transport on the surface of rubrene occurs via delocalised band-like

transport over the entire temperature range studied. [51]

29



gleV)

LUMO

2.2

Figure 2-11 Schematic showing the proposed electronic states near the HOMO which lead to
the dominance of shallow traps at low temperatures. [45]

The data presented within the previous section indicates that conduction within rubrene shows
the signs of band-like transport. However it has been estimated that for T > 100 K the mean
free path of carriers is comparable to the lattice constant, which contradicts the delocalised
nature of band-like transport.[3, 19] A complete understanding of the conduction methods
within molecular crystals and rubrene is beyond the scope of this work and is a complex issue
which the community has not yet reached a firm conclusion upon. The previous section
however gives an insight into the possible methods of transport in rubrene. Providing details of
the considerations, as well as the observations, which have been made for the material. These
factors are all of importance when considering the effect of material variation due to defect

incorporation.
2.3 Photo physics of rubrene

2.3.1 Photoluminescence spectroscopy

Photoluminescence spectroscopy allows us to probe the energy levels of organic semiconductors
using optical excitation. This is of particular interest as it allows us to characterise the energy gap
between the HOMO and LUMO, as well as probing any in-gap states which exist. As has already
been touched upon, and will be discussed further in Section 2.4 , knowledge of these states is
important for the understanding and development of Field Effect Transistors and organic

photovoltaic devices.
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Figure 2-12 Jablonski diagram showing the radiative and non-radiative decay processes in a
typical polyatomic molecule. S, represents the singlet states of the molecule and T, the triplet

The electronic excited states of organic molecular crystals strongly resemble that of the isolated
molecule.[41] This means that the optical spectrum of the crystalline material also strongly
resembles that of the isolated molecule. Figure 2-12 shows the relevant photo excitation and
relaxation pathways within a molecule. Upon photon absorption a molecule is promoted into an
excited state. Once in the excited state, the system quickly relaxes via vibrational relaxation to the
lowest excited state, from where fluorescence can occur. It is also possible, if accompanied by a
spin flip process, for inter system crossing to the triplet state to occur from the initial excited
state. The inter system crossing process is of particular interest in rubrene due to the observation

of singlet fission, this is discussed further in Section 2.3.5

Within polyatomic molecules there are several energetic modes which can exist at each electronic
state due to vibrations within the molecule.[52] An example of these vibrations would be an
oscillation of the carbon-carbon bond length. These vibrations are termed vibronic modes.
Several vibronic modes can exist on a single molecule and are seen as series of discreet energy
levels within each electronic state that follow a progression represented in Equation ( 2-7 ),
where # represents the electronic level, I, the order of the vibronic level, and w,, the frequency
of the vibronic mode. Figure 2-13 demonstrates how these vibronic states and the short time
scale of vibronic relaxation lead to the stereotypical ‘mirror image’ of absorption and emission

spectra.
E(Sh) = E(Sp) + Vhw, (2-7)
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Figure 2-13 Schematic showing the transition between the ground and first excited state during
excitation and emittance. It is demonstrated how the ‘mirror image’ of the absorption and
emission spectrum occurs.

2.3.2 Two photon excitation

It is possible to excite a molecule via the interaction of two photons. In this case the transition
energy must be equal to twice the energy of a single photon. As two photons are required the
probability of excitation is proportional to the square of intensity. Excitation is therefore
negligible except at the focus of the excitation beam. The excitation profile at this location can
be mapped as a square of intensity and therefore the confinement of excitation is defined by

how tightly the excitation beam is focused. This is discussed further for the experimental system
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of this study in Section 6.2 . When the wavelength of the individual photon is not present in the
absorption spectrum of the material, this has the benefit of allowing the excitation beam to
penetrate the material. This allows excitation within the bulk away from any possible surface
effects. It should be noted that the selection rules of two photon (2P) excitation are different
from those of one photon (1P) excitation. The states at which the excitation couples to in 2P are
not necessarily the same as those with 1P excitation. As relaxation of the molecule occurs on a
time scale shorter than that of fluorescence, radiative decay occurs from the lowest vibronic level
of the first excited state. This is the same for both 1P and 2P excitation (Figure 2-13). Therefore
although a variation in the absorption spectra is expected, the emission spectra of both 1P and

2P excitations should be comparable.

2.3.3 Rubrene optical properties

There have been many studies which look at the optical spectra, both absorption and emittance,
of rubrene single crystals.[30, 38, 53, 54, 55] There is however within the literature a diverse
range of reported spectra. As will be discussed in the proceeding sections and there are several
factors that will affect the shape of the optical spectra such as the introduction of defects to the
sample. For this reason it is therefore imperative that sample preparation and handling is

carefully considered and controlled.

Figure 2-14 shows the ‘intrinsic’ absorption and photoluminescence spectra for rubrene as
measured by Irkhin ez a/.[56] Due to the highly ordered and well orientated packing in single
crystal rubrene the coupling of light to electronic states is highly anisotropic. To exhibit this
Figure 2-14 shows spectra polarised along the a, b and ¢ axes of the crystal as well as the spectra

for amorphous rubrene.

As is clearly shown in Figure 2-14 a) the ¢ axis is dominated by a peak at 2.22 eV which is not
present in the intrinsic ab-polarised spectra. In most recorded data this peak is reported as being
present in the ab-polarised emission. This peaks has been shown by Tavazzi et al,[57],
Mitrofanov ¢f al.,[38] as Irkhin e a/,[50] as well as many others to be c-polarised emission. It is
proposed that the presence of this peak in ab-polarised measurements is due to a ‘leakage’ of the
c-polarised emission. The ¢ component can be introduced into measurements of the ab-polarised
spectra in several ways. The ‘leakage’ could be due to an erroneous c-polarised component
introduced as light is focused, via non-normal acquisition with respect to the ab- plane. It could
also be introduced due to light scattering at crystal imperfections. Again due to the anisotropic

coupling of light there is also a polarisation dependence on the absorption length at 442nm. This
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is quoted at 3um, 2um and 0.6um for a, b and ¢ polarisation respectively. At 532nm these values

are 15um , 6um and 0.2pum respectively.[56]
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Figure 2-14 Intrinsic absorbance and PL spectra of rubrene. a) c¢ polarised absorption and
emission spectra, b) ab-polarised absorption and emission spectra. ¢) Spectra f amorphous
rubrene, obtained by melting rubrene in the absence of atmospheric influences. [56]

One of the most notable differences in PL which is not evident in Figure 2-14 is the intensity

difference of c-polarised emission. This is seen to be at least an order of magnitude more intense

than light polarised in the ab-plane for the same excitation energy.

Further discussion of the photo luminescent spectra in the study of defects is discussed in

Section 2.4 .

34



2.3.4 The exciton

Some of the most interesting properties of molecular crystals are those pertaining to the mobile
excitation energy which results from photo excitation. This mobile excitation energy is termed an
exciton. An extensive discussion of excitonic processes in molecular crystals is presented in a
recent review by C. Bardeen.[58] The discussion of exciton interactions is an extremely prevalent
one when considering rubrene, due to the unknown nature of rubrene’s extremely long exciton
diffusion lengths.[20, 21] I will here provide a basic description of the exciton followed by a
discussion of the processes as presented by Bardeen. A more basic understanding of the types of

exciton found in molecular crystals can be found in Chapters 2 and 8 by Fox.[59]

Upon photon absorption a molecule within the crystal of rubrene is excited into a higher energy
state raising an electron from the Highest Occupied Molecular Orbit (HOMO) to the Lowest
Unoccupied Molecular Orbit (LUMO) (analogous to the valance and conduction bands
respectively in inorganic semiconductors). This involves the promotion of an electron from its

ground state to its excited state leaving behind a positively charged vacancy, a hole.

The promoted electron and hole being oppositely charged feel a Coulombic force between them
binding the two. It is this bound electron hole pair that is termed an exciton, the exciton is
depicted in Figure 1. Within inorganic materials the exciton formed is predominantly a Wannier-
Mott exciton which has a large radius with the constituent hole and electron able to orbit each
other over a distance of many atomic sites; in comparison the excitons formed in organic
materials, known as Frenkel excitons, are tightly bound to a single molecular site. The larger
distance associated with the Wannier-Mott exciton leads to a binding energy that is often smaller
than or on the order of kT which can be approximated to be 250 meV at room temperature..
Excitons in these materials are therefore short lived and the separation of the hole and the
electron, known as charge dissociation, readily occurs. Due to the much smaller radius of the
Frenkel exciton formed in organic materials the binding energy is much larger (between
approximately 0.4 eV and 1.4 eV [60]) creating a strongly bound exciton. Further details of each

of these types of exciton can be found in Chapter 4 of Fox.[59]
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Figure 2-15 Cartoon depictinig photo-excitation creating an exciton (bound hole-electron pair)
fllowed by diffusion to a initrface where charge seperation occurs.

Before the exciton can dissociate (ionise) and produce free charge carriers the binding energy
must be overcome and therefore energy exchange must occur to the exciton. In inorganic
materials thermal excitation can overcome the binding energy. Within organic materials the
binding energy can be overcome at an interface where the difference in the energies of the
adjacent HOMOs and LUMOs are sufficiently large enough as shown in Figure 2. This will lead
to charge separation and is the basis of organic photo-voltaics, often termed excitonic solar cells.
Further understanding of this generalised process can be gained from the review by Bernede,[58]
and information directly related to rubrene can be gained from the work of Najafov ef a/ aswell
as that of Karak ef 4/[61, 62] The exciton binding energy in rubrene has not been reported,
though for comparison, in tetracene where the molecular orbital is similar to that of rubrene
there is a binding energy of ~400 meV.[63] In order for charge separation to occur the

difference in LUMO will therefore have to be on the order of 400 meV or higher.

If the exciton does not disassociate within the life time of the exciton the hole and electron will
recombine relaxing the molecule down to ground state. This is a radiative process and produces
the previously discussed luminescence. Other excitonic processes will be discussed further in
section in the proceeding section. A general view of excitonic processes can be gathered from
Fox chapters 4 &8,[59] and a detailed discussion of excitons in molecular crystals can obtained

from Bardeen et al.[58]

2.3.5 Excitonic processes

In a recent review Bardeen discusses the excitonic processes which occur in molecular
crystals.[58] In this section I lay out this discussion paying attention to the diffusion of triplet
state excitons that are thought to facilitate the long exciton diffusion exhibited in rubrene.

Within molecular crystals two types of optically accessible excitons exist, the Frenkel exciton and
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the charge transfer exciton. The charge transfer exciton is a localised state, where the
coulombically bound electron-hole pair can extend over several sites, the excitonic wave function
of which resembles that of a hydrogen atom. [58] In the formation of a Frenkel exciton the

states concerned are neutral and therefore the electron-hole pair exist on the same site.[58]

Initially the exciton will undergo diffusion. Newly created excitons are able to move through the
crystalline matrix carrying their energy. The diffusion length of an exciton is of importance when
designing organic photovoltaic cells, often termed “excitonic cells”. It effectively defines the
thickness of the active region at which an exciton can be created and reach the interface where

ionisation can be induced and a current produced,[64, 65] (see Section 2.4.2).
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Figure 2-16 Schematic illustration of the dynamic processes that can occur after an exciton is
created by the absorption of a photon, modified from [58]

Ionisation pertains to the dissociation of the molecular exciton into an electron and a hole. The
formation of charge transfer or Frenkel excitons produces stable species with a relatively large
binding energy (0.5 eV or higher, [58]). If the exciton has enough energy it may auto ionize,
alternatively it can diffuse until it meets a component which will stimulate dissociation. The

understanding of how molecular interfaces stimulate exciton dissociation is one of interest.[60]
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Some recent studies discussed by Bardeen,[58] imply the direct creation of high mobility free
charge carriers. This though is in contradiction to theoretical calculations and early work on
anthracene and other molecular crystals. Photoconductivity experiments by Najafov e a/ on
rubrene single crystals certainly point to the bound exciton being the majority species formed
after photo excitation.[21] Bardeen states “To date, there has not been a consistent effort to
perform optical measurement and transient conductivity experiments under the same
experimental conditions”. The situation pertaining to the nature of the exciton and its

dissociation is therefore an unclear one and one which needs to be addressed.

Figure 2-16 depicts the most common processes which occur after a photon is absorbed and an
exciton created. As discussed by Bardeen these are namely diffusion, trapping, ionisation, fission,

fusion and emission.

The emission of an exciton refers to the radiative decay of the excited state as discussed in

section 2.3 .

Trapping and localisation are able to occur when, in some cases, the initially excited state has
Frenkel character but rapidly relaxes into a lower energy state, with a more localised charge
transfer character. This process is termed “self-trapping”.[58] Trapping can also occur when an
exciton interacts with a defect within the material. This can allow for an excitonic state to exist
which is not within the delocalised exciton band structure and therefore “traps” the exciton at

the site of the defect.

Fusion can occur due to the high density of excitonic sites within a molecular crystal, which
make it possible for excitons to encounter each other. When an encounter occurs, it is possible
for the excitons to fuse into a single high-energy exciton. The resultant exciton can then rapidly
relax back down to its lowest singlet state. This effectively removes the presence of both
excitons involved and is therefore often referred to as annihilation, resulting in a rapid decay in
the excited state population.[53] It is also possible to form the existence of new, longer living,

higher energy state via exciton fusion.[39]
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Figure 2-17 Singlet fission: Left, The site on the left undergoes an initial excitation to S1. Right,
The excited excitonic site shares its energy with a second site creating a T state on each site.
Note for conservation of energy this requires for E(S1) = 2 - E(Ty). Blue arrows indicate the
spin direction of the respective electrons. Modified from [67]
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Figure 2-18 Measurements of the long exciton diffusion within rubrene, it is believed the long
excitonic diffusion is due to the fission of singlet state exciton producing long lived triplet
excitons. a) Contour plot showing the distribution of PL after localised excitation at the surface
of rubrene, a direct measurement of excitonic diffusion. Intensity distribution of excitation light
(top) and the PL (bottom).[20] b) Distribution of intensity for the excitation laser (full red
circles) and PL (open blue symbols) along b axis for the experiment shown in a) [20] c)
Schematic of the experiment undertaken by Najafov e a/ which used the polatisation and
wavelength dependence on absorption coefficient and therefore depth of exciton photo
generation to show an exciton diffusion in the ¢ plane of 2-8 pm. [21]

One of the most interesting excitonic processes pertaining to rubrene is the fission of singlet
states. The 1—2 reaction in which a singlet spontaneously splits into a pair of triplets, has been
observed in several molecular crystals such as anthracene, tetracene, pentacene, isobenzofuran,
and polyenes.|58, 68, 69, 70, 71] Figure 2-17 schematically shows the exciton fission process as
described by Smith and Michel who in their recent review discuss the process of singlet fission in
several organic materials.[67] The singlet fission process is spin allowed and can be thought of as
two molecular sites with electrons of opposing spins (1], 1]), where one site is in its ground
state, transferring to two excited states with the electrons within each site having parallel spin

(11,41). This is depicted by the blue arrows in Figure 2-17. In order for the conservation of
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energy it should be noted that the energies (E) of the respective excitons must fulfil the
condition (S;) = 2+ E(T,) . One of the major benefits of singlet fission is in the harvesting of
energy within an excitonic photovoltaic cell. Within these devices a photon whose energy is well
above the band gap will non-radiatively decay to the band edge losing the excess energy to the
‘phonon bath’. As proposed by Bardeen if the high energy exciton could undergo fission creating
two near band edge excitons these could in turn produce an extra-hole pair. As Bardeen
discussed a similar idea could be applied to the fusion of excitons created by below band gap
photons promoting them above the band gap, this therefore leads to a more complete and

efficient use of the entire solar spectrum.
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Figure 2-19 Schematic showing how the fission of singlet excitons can lead to long diffusion
lengths when accompanied by Triplet fission then leads to delayed fluorescence. Modified from
[58]

As previously referred to it has been shown that rubrene has an unusually long exciton
diffusion length. Figure 2-18 details two experiments which have shown evidence of this. Figure
2-18 a) and b) both show data from the experiments by Irkhin and Biaggio which directly images
the exciton diffusion by capturing on a CCD the distribution of photoluminescence intensity
after localised excitation.[20] They concluded an exciton diffusion length of 4.0+0.4 um in the
b-axis of rubrene. Figure 2-18 c) shows a schematic of the experiment undertaken by Najafov ez
al. which measures the photocurrent, a function of the number of excitons reaching the organic
semiconductor interface, produced by light incident at different polarizations. As the absorption
coefficient is polarisation dependent the depth at which exciton generation occurs can be
modulated. Najafov e a/. have modelled the depth at which exciton generation occurs and
shown that exciton diffusion along the c-axis must exist at a length of 2-8 um.[21] It is proposed

by both Irkhin and Najafov that the long exciton diffusion is due to the fission of singlet
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excitons upon photo excitation creating two triplet excitons. As the direct relaxation of the
triplet state to the ground state is spin forbidden the triplet exciton has a longer life time than the
singlet being on the ps and ms scale respectively.[72] Figure 2-19 shows how the fission of a
singlet exciton leads to two long lived triplet states; due to the long life time of these states they
are able to diffuse longer lengths than the short lived singlet states. Figure 2-19 also predicts the
presence of delayed fluorescence; this is seen to exist in rubrene as shown by Najafov ¢z 4/ in
Figure 2-20. The insert in Figure 2-20 shows the time dynamic of the PL at 610nm. There is an
instantaneous maximum due to short lived singlet states followed by a longer time scale delayed
fluorescence. The main plot shows the instantaneous spectra recorded a few ns after excitation
and the delayed spectra recorded at a later time. This delayed fluorescence shows an absence of
emission at 550 — 580 nm. This implies that there is some variation in the recombination of short
live singlet excitons and singlet excitons formed from triplet fusion. Ma ef a/. have also looked at
the time dynamics of photoluminescence in rubrene and also conclude the existence of the
singlet fission process. Ma e# al. also suggest that the production of triplets may be formed from
an upper excited state.[55] The schematic shown in Figure 2-21 details the energy levels in
rubrene used in the formation of triplet states as presented by Ma e /. They show that due to
the energy levels existing in rubrene the fission of the lower excited state will only occur when
thermally assisted. It is also possible for more energetic singlet states to undergo fission with
excess energy being lost as phonons within the material. Of relevance in this diagram is the

energy levels of the S1 and T1+T1 states, details on the other energy levels can be gained from

the work of Ma et al.[55]
&
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Figure 2-20 Time resolved photoluminescence in rubrene. Time resolved PL measured after a
20ps pulse duration. Green circles shows peak PL at a few ns, Red triangles show the PL
integrated over the range 0.7-2ls. The inset shows the time dynamic measured at 610nm. [21]
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Figure 2-21 Energy levels within the rubrene single crystal showing transitions which can
produce triplet excitons. DF = direct fission, TAF = thermally activated fission. [55]

2.4 Chemical alterations to the properties of rubrene

2.4.1 Introduction of defects into the material

In the previous sections I have briefly touched on how the presence of defects can affect the
properties of rubrene, for example by the introduction of electronic states or localisation and
trapping of excitons. In the following section I will discuss the introduction of defects due to
environmental conditions, specifically the oxidation of rubrene. The effect of the ambient
environment has been reported by many researchers, including myself, to affect the optical and

electronic properties of rubrene. [22, 23, 30, 38, 73, 74, 75, 70]

Figure 2-22 Chemical structure and 3D model of rubrene endoperoxide, Cs2H20:. [38]
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Rubrene is known to readily oxidise when in the solution or amorphous phases, this is
accelerated by the presence of light.[33, 77] It has been shown that oxidation of rubrene forms a
rubrene peroxide Cyq2H202. The most common form of this molecule is produced by the
incorporation of two oxygen atoms within one of the central benzene rings as shown in Figure
2-22. The incorporation of the oxygen molecule at this site on rubrene considerably alters the
molecular backbone producing a bend of 49.4°[38] If the oxygen molecule binds elsewhere
forming a different form of oxide the structural variations of the molecule will vary. The steric
deformation of the molecule is thought to impede its inclusion within the crystalline matrix of
rubrene. For this reason rubrene crystals are not seen to oxidise to the same extent as the
solution or amorphous phase, nevertheless, oxides have been shown to be incorporated.[22, 30,
78] The deformation of the molecule and breaking of the conjugation due to the incorporation
of oxygen will disrupt the delocalisation of the m molecular orbital and therefore change the
electronic states of the molecule. If this produces a state which lies within the HOMO-LUMO
band gap it should produce a spectral signature within the photoluminescence spectrum. This is
proposed by Mitrofanov ef a/. and supported by their experimental data which is summarised in

Figure 2-23.[30, 38]

Mitrofanov e# al. undertook photoluminescence spectroscopy using both continuous wave single
photon excitation (hv = 3.815 eV) and pulsed two-photon (2P) excitation (24» = 3.30 eV). For
samples which were held in vacuum, (prevented from interacting with the environment,) they
saw typical spectra for rubrene single crystals. Spectral bands located at: 2.18 eV (denoted
band I) along with related vibronic bands assigned to carbon-carbon bond stretching, ( Ej_, =
E; —nhw_. , 2.00 and 1.83 eV) ; 2.11 eV (denoted band II) with a vibronic band at 1.93 eV;
and a final band (III) at 2.05 eV. The temperature dependence of these was such that band I
dominated at lower temperatures decreasing by at least 3 orders of magnitude as the temperature
increased from 20 — 300 K. At T > 70 K band II became prevalent in the spectra followed by a
temperature dependence similar to band I, and at T>100 K band III dominated the spectrum.
This is the characteristic spectra for ‘as grown’ samples of rubrene such as those used in the
experiments. Mitrofanov e¢# a/ studied samples which had been exposed to the ambient
environment. As rubrene peroxide has been reported to form at the surface of rubrene crystals
2P spectroscopy was undertaken at a depth > Tpm. This ensured the location being studied had
not been contaminated and the spectra measured were not influenced by any oxygen
incorporation. The bulk spectra showed the same spectral features as those seen on the vacuum
held samples, confirming the spectra was characteristic for that of pure rubrene. PL spectra were

then acquired at the surface of samples held in an oxygen atmosphere, at normal pressure (held
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at 100°C for 14 hrs). The spectra of these samples showed a substantial difference to that of pure
rubrene; band I and its vibronic series were seen at a reduced intensity accompanied by a series
of bands (I) shifted by ~40 meV. Strong emission was also seen as a new band became present
at 1.92 eV (denoted O). This band was seen to dominate the spectra of the oxidised samples
above 200 K while band III was strongly suppressed. These results are presented in Figure 2-23
a). Figure 2-23 b) shows how the O band was only present at the surface of oxidised samples and
was not seen within the bulk of samples held in either an oxygen rich or vacuum atmosphere.
The O band was also not present in the spectra acquired from the surface of vacuum held
samples. The 2P excitation depth profile (Figure 2-23 b) ) clearly shows an increase in the
intensity of band O as excitation moves towards the surface of samples held in an oxygen
atmosphere. Mitrofanov e# a/. conclude that these results show the presence of an oxygen-related
state providing a recombination path for molecular excitons which results in the emission of the
O band. They hypothesize that this band gap sate is due to; a rubrene molecule perturbed by a
neighbouring oxygen molecule; a rubrene peroxide molecule formed after reaction with oxygen;

or a rubrene molecule perturbed by the presence of a rubrene peroxide molecule.

Mitrofonav ez al. present further work,[38] which looks at the effect of sample preparation on the
oxygen-related state. Figure 2-23 ¢) (i) shows the PL spectra of rubrene crystals grown in the
presence of different gases. It shows how the oxygen state can be incorporated during growth if
oxygen is present. However, when grown in the presence of only pure argon no O band was
measured. Figure 2-23 ¢) (ii) shows how the spectra vary with position in the growth chamber; it
shows clearly how the incorporation of defects and impurities is dependent on the growth
position in the continuous temperature gradient. The highest quality crystals are grown at a
specific temperature and can therefore be selected from the relevant position within the growth
chamber. Figure 2-23 d) shows how the post growth incorporation of the oxygen state is
dependent on the quality of the crystal. A sample containing crystallographic defects seems to
more readily incorporate the oxygen than a pure high quality crystal grown by vapour transport.
Mitrofanov e# al. also report that some samples not exhibiting the O band after growth remained
the same after at least a year in normal ambient environment. They conclude that, due to the
different configuration of the rubrene peroxide molecule, for it to be incorporated within the
crystal some sort of vacancy, to allow steric deformation, must be required. They suggest a
vacancy provided by a structural defect would allow the required steric relief for incorporation of

a peroxide molecule.
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Figure 2-23 Data presented by Mitrofanov e a/. which indicates the formation of an in-gap state
induced by the incorporation of rubrene peroxide both at the surface and within the bulk of
crystalline rubrene depending on sample treatment. a) PL at varying temperatures for, (i), an as
grown crystal held in vacuum and, (if) an oxidised rubrene crystal contained in a sealed capsule
containing oxygen at a normal pressure. [30] b) (i) PL spectra measured using two photon
spectroscopy at different depths within a rubrene crystal which has be left in air. (ii) Bulk spectra
compared to sutface spectra of a sample stored in vacuum and in air.[30] ¢) (i) PL spectra of
samples grown via vapour transport in different gases, 1) pure argon gas, 2,3) unintentionally
contaminated argon gas, and 4) an argon/oxygen mixture. (i) PL spectra of crystals which
originated from different locations within the growth chamber, the respective locations shown
by the insert are at x = 7, 20, 30 and 40 mm with gas flowing in the direction of increasing x. The
temperature gradient of the growth chamber was such that, T/>T,>T5>T,[38] d) PL spectra
recorded before and after 7 hours of laser beam exposure in air for a commercially synthesized
crystal containing defects (i), and a high quality vapour transport grown crystal (ii). The PL of
the exposed commercial crystal has been multiplied by 2 for clarity.[38]
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It should be noted that there is debate in the literature as to the origin of the emission at 650 nm
which is the location of the O band reported by Mitrofanov ez al.[30, 38] Chen ef al. have
recently reported that the band is not due to the presence of a chemical defect, but rather a
structural deformity within the crystal due to the presence of amorphous phase rubrene and does
not require the presence of any additional chemical component.[79] As with Mitrofanov ez al.
they show the variation of spectra due to position in the growth chamber, but attribute the
difference in spectra to structural variance. They rule out the interaction of oxygen as PL
measurements were taken from samples which had not been removed from the Ar atmosphere
in which growth occurred. To show the relationship between the intensity of the 650nm
luminescence and the amount of amorphous phase in a sample Chen e¢7 a/. measured the PL of a
melting rubrene crystal. The sample was held in an inert stream of gas as the temperature
increased to 380°C and was returned back to room temperature. During this process the sample
changed from a well faceted single crystal to a molten amorphous bead. This was accompanied
by a spectral change, moving from being dominated by the peak at 615 nm to 650 nm emission.
From these findings Chen e a/ conclude that the 615 nm and 650 nm PL emission peaks are
attributed to radiative relaxation of the same molecular exciton but are emitted from different
phases. They suggest that within crystals showing the 650 nm emission amorphous inclusions
exist which trap diffusing triplets, increasing the probability of triplet fusion. This results in an
increased density of singlet excitons in an amorphous environment which then radiatively decay.
The red shift from 615 to 650 nm is attributed to an increased density of rubrene molecules in

the amorphous phase.

2.4.2 The effect of surface functionalisation and defect incorporation on electronic
properties.

As well as the incorporation of defects within the material, the effect of interfacial chemistry has
been studied and shown to affect the electric and electro-optic properties of rubrene. The work
of Najafov ¢ al. has shown that both the conduction and exciton dissociation properties of
rubrene at the surface are sensitive to the presence of additional material layers. In this study
Najafov e¢t.a/ showed that almost 90% of the photo-electric current is accounted for by
dissociation of exctions at the surface and therefore any change in surface chemistry will have a
great effect on the efficiency of exciton dissociation.[21] Figure 2-24 a) shows the experimental
results of Najafov e a/l. These results show that coating the crystal surface with a thin layer of an
optically transparent dielectric can drastically alter the photocurrent. These coating are known to
form a trap-free interface with organic crystals.[19, 80] In the case of the dialectic parylene-N the

photocurrent dropped from 100 nA to 10 nA. Conversely to this, deposition of parylene-D
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resulted in a 1.5 increase in photoconductivity. This shows the importance of understanding the

surface environment and how it affects excitons within rubrene.

_
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Figure 2-24 The effect of surface chemistry and oxidation on electrical characteristics. a) The
effect of surface functionalisation is shown by the variable photo current measured for rubrene
samples coated by films of each respective molecule. Photoexcitation at 495nm occurred for a
duration of 2-4 minutes with a contact bias of 20 V.[21] b) left) dark current-voltage
characteristics and right) photo current spectral response for both an oxidised rubrene sample an
a sample held in vacuum. [30] c) Plot of mobility and gate threshold voltage with respect to
oxidation and vacuum annealing time for a rubrene FET. Open symbols show field effect
mobility, closed symbols show threshold voltages. Inset shows carrier density. [74]
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Work by Mitrofanov e al. and So ef al. has looked at the effect of oxidation on the electronic
properties of the rubrene.[30, 38, 74] Figure 2-24 b) shows the increase of both photo- and dark-
current due to the oxidation of rubrene samples. Mitrofanov ¢# a/. suggest the increase in dark
current is due to the formation of an oxygen related state ~0.25 eV above the HOMO band. In
equilibrium this state can ‘capture’ electrons leaving free holes in the HOMO band, ie. Oxidation
produces p-type doping of rubrene. The increase of photocurrent is suggested as being due to
impurity assisted exciton dissociation. Figure 2-24 c) shows a similar result to that of Mitrofanov
¢t al. produced by So ef al. concerning the oxidation of rubrene single crystal FETs. It is shown
that a higher concentration of introduced oxygen reduces the threshold voltage, Vi, of the FET.
The measured mobility is unaffected and therefore the reduced Vu, and increased conductivity is
due to the increase in charge carriers due to oxidation. This observation is in agreement with
those of Mitrofanov et @/. and again implies the p-type doping of rubrene due to oxidation. This
again shows that for successful design of efficient rubrene based devices the effects of the

chemical environment must be understood.

2.5 Conclusions

Within this chapter I have discussed the major physical processes governing the properties of
rubrene that make it an ideal candidate for photovoltaic and field effect transistor devices. As has
been made clear these processes are easily mediated by the presence of a third component, be
that a chemical reactant incorporated post growth, due to environmental exposure, or a
structural defect developed during the growth of the crystal. No matter the source of these
components, the effect which they have upon the material ultimately will alter how rubrene
performs within a device. To optimise both performance and design of any rubrene based

system a full and comprehensive understanding of the materials properties needs to be reached.

The studies which I will present herein further the understanding of processes which occur due
to exposure of rubrene to the environment. In particular, I will look at the inclusion of
environmental components within the material. By utilising nano-imaging techniques I study the
local variances that occur due to environmental exposure and produce a detailed picture of how
surface modifications such as the observed inclusion of oxygen may occur. To resolve the
disputed interpretations of data within the literature I will present a technique with chemical
specificity, time of flight secondary ion mass spectroscopy (ToF-SIMS) which has the potential
to produce a complete understanding of chemical variances within the material. ToF SIMS

clearly shows the incorporation of oxygen at the surface of rubrene. Finally by undertaking two
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photon excitation coupled with site specific acquisition of photoluminescence, I present a
developed method by which imaging of the sample with spectroscopic resolution can probe the

nature of the exciton, its diffusion and the effect of defect inclusion upon its nature.
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Chapter 3

Techniques and sample preparation

The studies presented in this thesis centre around three main experimental techniques: atomic
force microscopy (AFM), time of flight secondary ion mass spectroscopy (ToF-SIMS) and
optical spectroscopy. Within this chapter I will introduce and describe these three techniques. 1

will then go on to discuss the preparation of samples used within this set of studies.

3.1 Atomic force microscopy

The atomic force microscope (AFM) was developed in 1986 for imaging, measuring and
manipulating surfaces at the nano-scale.[81] It allows surface imaging with a resolution 1000
times better than the optical diffraction limit. Information is gathered using a feedback loop
created between a mechanical probe at the sample surface and piezoelectric elements used to
facilitate accurate nano-scale movements of the probe. A schematic of the elements of an AFM

can be seen in Figure 3-1.

Feedback Electronics

Photo-detector

X-Y movement

Z movement

Laser

—
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Sample \‘ <

Figure 3-1 Schematic of a typical Atomic Force Microscope. As the deflection of the cantilever
changes due to forces between the tip and the sample the position of the reflected laser beam
moves on the photo diode. A feedback loop is created between this sensor and the piezo
electrics manipulating the probe’s position
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The microscope can be used in contact mode where the feedback loop is used to achieve a
constant deflection of the probe. Alternatively tapping mode can be used where the probe is
driven at a frequency 5 % less in amplitude away from the resonance, typical frequencies are
around 50 kHz. In this mode the oscillating tip will experience damping due to its proximity to
the surface and the feedback loop is used to achieve a constant oscillation frequency. In tapping
mode a reduced amount of energy is transferred between the sample and tip. This decreases the

probability of surface deformation due to the tip.

All AFM studies were carried out using a VEECO Dimension 3100. This AFM has a lateral
resolution of +0.01 % due to piezo movements which increases to 10 nm at the nm scale
where the effects of tip convolution are apparent. The height resolution of the dimension AFM
is on the pm scale for all feature sizes. Tapping mode was used to image the surface of rubrene.
It was important to ensure that as little force as possible was applied to the surface. This allowed
observation of surface changes without any mechanical degradation of the surface. To
accomplish this, on initial contact with the surface the feedback set point was increased gradually
until the tip lifted away from the surface. The set point defines the target deflection of the tip, a
decrease in set point corresponds to an increase in force between the top and surface. One the
tip had disengaged from the surface the set point was reduced slightly to reengage contact and
then again increased slightly. At this point minimum force was applied to the surface. This
reduced tip-surface interactions and decreasing the likely hood of deformation occurring to the
surface. This was extremely important in experiments studying the evolution of the surface. It
was imperative to ensure that any changes monitored were due to the natural development of the

surface and not caused by the continual scanning of the AFM tip.

3.2 Conductive atomic force microscopy

The AFM can be further modified to allow electrical characterization of a sample’s surface; this
is undertaken with a metallic coated tip which remains in contact with the surface and is known
as conductive atomic force microscopy (C-AFM). Electrical characterisation is accomplished by
applying a potential difference between the sample-chuck and a metal coated probe while
measuring the current flow between the two. To ensure a good electrical contact is maintained

between tip and surface this technique works best when the AFM is used in contact mode.

Figure 3-2 shows a schematic of C-AFM.

This technique simultaneously produces a topographical image and a conduction map of the
surface. It is possible to stop the tip scanning and while the tip remains in contact with the

surface the voltage is ramped ‘in sitw’, creating I-V curves at specific locations on the surface.
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This is particularly of interest in comparing the electrical characteristics of different surface
features. As the technique is undertaken in atmospheric conditions many factors vary from
measurement to measurement. Varying conditions such as humidity affect the conduction
between the sample surface and the tip. These variations between measurements therefore
renders the technique a qualitative one rather than quantitative. The C-AFM studies were
undertaken using a VEECO Dimension which provides ramping of voltages between 12 V.

The addition of a C-AFM and TUNAS module was required for the electrical measurements.

Laser beam

Metal coated cantilever
Metal coated tip

Sample
Sample chuck

3 Movement of electrons
& Electrons

Figure 3-2 Schematic showing the flow of charges in an AFM used in conduction mode. The
schematic shows the case for positive tip bias.

3.3 Time of flight secondary ion mass spectroscopy

Time of flight secondary ion mass spectroscopy (ToF-SIMS) provides a technique for mapping
the atomic and molecular composition of a material in three dimensions. It offers lateral
resolution of up to 100nm and sub a.m.u mass resolution. During measurements the sample is
subject to short, 1ns, pulses of primary ions. These primary ions transfer energy to the surface of
the material, resulting in ionized molecules being ejected from the surface. These ejected ions are
known as secondary ions. After ejection the secondary ions are accelerated by an electrostatic
field to a common energy (2keV) and travel over a drift path to a detector. The time of flight
through this drift path allows analysis of the charge to mass ratio, (the ToF occurs within the

100Us pulse separations). Recording the time at which particles arrive at the detector provides a

§ TUNA, is a current measuring module for the Veeco AFM, it is a more sensitive module than the
standard C-AFM module allowing smaller currents (80 fA — 120 pA) to be measured than that of the
C-AFM module (pA - JA range).
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mass spectrum from which the molecular ions present in the secondary ion beam can be

deduced. Figure 3-3 and Figure 3-4 shows schematic diagrams of the technique and instrument.
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Figure 3-3 Schematic of ToF-SIMS instruments used within this study ON- TOF V)

time of flight

mass spectrometer
Pulsed lon beam

Secondary ions

Primary ions

Figure 3-4 Schematic of primary ion and secondary ion interaction with the surface of rubrene.

Using ToF-SIMS the distribution of molecules in both the lateral and medial directions can be
mapped. By focusing the primary ion beam onto a small area on the surface it is possible to
analyse an area of interest. The beam can then be rastered to produce an image of the lateral
distribution of molecules over the surface. By changing the primary ion beam source from a
probing beam, to a higher intensity invasive beam, the surface can be sputtered away. Sputtering

between mass spectrum acquisitions allows a depth profile of the molecular composition to be
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acquired. It is important that in any single analysis the dosage of primary ions does not reach the
static limit™. Staying below this limit ensures statistically that no molecular site on the surface is
analysed more than once. This ensures primary ion irradiation only occurs to the top exposed

monolayer.

Tol-SIMS is ideally suited for studying chemical defects in the material, identifying which
additional foreign molecules are present. It is possible to analyse the density of these chemical
defects and map their distribution. This provides an excellent tool for analysing the chemical

environment around structural defects and surface artefacts.

The studies presented within this thesis were undertaken using an IONTOF ToF-SIMS V
instrument. The Instrument was fitted with a 25 keV Bi* analytical ion beam, a 10 keV Cg* ion
beam, which can be used for either analysis or sputtering, and a Cs* sputter gun of varying ion
energy. An electron flood gun (20 eV) was applied to the surface to avoid charging of the sample
surface during analyses. When mapping the chemical composition the beam moved in a random
pattern rather than consecutively analysing neighbouring areas. This allowed any charge to

dissipate before returning to a neighbouring location.

3.4 Scanning optical microscopy

The long exciton diffusion lengths within single crystal rubrene have previously been imaged at
its surface and indirectly measured in the c-axis of the crystal. To advance understanding of
excitons within rubrene and examine their diffusion processes, a technique was devised which
would image spatial variations in excitonic recombination. This section will give an overview of
the principles used within the experimental design. Further specific details will be covered in

Chapter 6 .

Photoluminescence (PL) spectroscopy offers the ability to view the result of excitonic
recombination. It therefore offers an opportunity to track any variation in recombination which
may be occurring. In order to measure the variation of the photoluminescence spectrum around
an excitation point, a scanning optical microscope was developed. The microscope was designed

around three techniques; PL spectroscopy, two photon (2P) excitation and confocal microscopy.

2P excitation, as discussed in Section 2.3.2 , allows the excitation point to be moved throughout

the sample. Figure 3-5 a) shows a diagram expressing the confined area of 2P excitation which

** The static limit is the dosage at which statistically ions are probing locations a second time and therefore
analysing sub surface layers.[93]
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only occurs at the focal point. Figure 3-5 b) shows how the interaction of two photon can lead

to the resultant fluorescence which forms the PL spectrum.

a) b)
100fs Pulsed laser

Vibronic states

=4

H Igh Photon
Photon density

Excited state

Light

Virtual state
A ot

Ground state

Energy

Figure 3-5 a) Indicates the area of high photon density at the focal point of the laser beam, This
is the area at which the probability of two photon excitation occurring becomes non-negligible.
b) Shows the basic energy transitions occurring within 2P excitation and the resulting
photoluminescent.

Confocal microscopy allows the spatial selection of the PL being acquired. This technique
prevents non-focused light from coupling through a system. It is accomplished by having a
second focal plane within the system that contains a pinhole. Within this second focal plane,
light focused on the pinhole can propagate through the system, whereas light that is focused
elsewhere is unable to pass the plane of the pinhole. This confocal principle is shown in Figure

3-6.

) Pin hole
None uniform Lens

light source )
Light coupled out of the system

Figure 3-6 Diagram explaining the Principle of confocal microscopy. Only light projected onto
the pinhole will be coupled out of the system.
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For mapping of the PL at specific loci the sample was placed beneath the excitation laser. It was
then positioned so that excitation occurred at the desired location, either within the bulk, at the
surface, or at the site of a feature. The resulting PL. propagated through a confocal microscope
system and the focused light was coupled into a spectrometer which measured the PL spectrum.
By scanning the pinhole and recording the PL at each position, a map was created where each
element of the map contained the entire PL spectrum. A detailed explanation of the system
design is contained within Chapter 6 along with a presentation and discussion of the results

obtained using the microscope.
3.5 Sample preparation

3.5.1 Sample mounting

There were two type of sample mounting used within these studies. For techniques which
required electrical grounding of the sample an aluminium block was used as the substrate. Before
affixing the sample to the substrate the Aluminium was buffed with abrasive paper to remove
the any insulating oxide. These studies include ToF-SIMS where charge was required to dissipate
and also C-AFM where an electrical connection was required between the sample and the
instrument. The sample (typical dimensions of 2 mm X 1 mm X 0.3 mm thick) was mounted
using conductive graphite paint (earlier studies used silver epoxy EPOTEK410 though this
created a less reliable contact). Although only required for ToF-SIMS and C-AFM studies, due to
ease and in order to provide continuity, this mounting process was used for all studies except
optical spectroscopy. Figure 3-7 shows a schematic and image of a sample mounted using this

method.

Rubrene sample

Carbon paint

Aluminium substrate ——

Figure 3-7 A schematic and image showing the mounting of samples. The Conductive carbon
paint and aluminium substrate allows grounding of the sample for conductive measurements.

For photoluminescence experiments it was important to prevent scattering and reflection from

the substrate. The sample was therefore mounted ‘hanging’ as shown in Figure 3-8. The sample
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is placed between two pieces of ‘sticky tape’ which then protrudes off the end of a glass slide. It
is important to ensure that the sample remains parallel to the plane of the glass slide. This ensure

the incident laser and PL acquisition will occur normal to the ab-surface of the sample.

Glass slide

Rubrene

.

Tape

Figure 3-8 A sample mounted for photo luminescent studies. The lack of substrate below the
sample prevents any reflection of the excitation beam.

3.5.2 Cleaving

For several of the studies presented within this thesis an environmentally unexposed surface was
required. This surface was prepared by cleaving a sample, exposing a new surface from within
the bulk. Cleaving provides two major benefits over the ‘as-grown’ surface. The newly formed
surface is free from environmental contamination, allowing controllable studies of chemical
doping processes. The newly created surface also provides large moleculatly flat terraces which
can be reproducibly created. The resulting surface is described in more detail with AFM images

in Chapter 4 .

To allow cleaving, the crystal was affixed to a rigid substrate using a conductive epoxy or carbon
paint. Once dried a ‘cleave post’ was glued to the surface using an epoxy. Once this had dried
lateral force was applied to the post removing the top of the crystal and producing a new surface
from within the bulk. Best results were achieved when force was applied parallel to the b-axis of
the crystal. The ‘cleave post’ was a metallic post of diameter ~1.5 mm and length 5 mm. Figure

3-9 provides an image of the configuration used within the cleaving process.

- Post —
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S/~ Crystal — 2
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= - .-""_:- \
Substrate — =

Figure 3-9 A schematic explaining the cleaving process. Once all epoxy is dried, force is laterally
applied to the post, resulting in the crystal cleaving. The top part of the sample remains on the
post and a fresh unexposed surface is produced atop of the sample on the substrate.
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Chapter 4
A topographical study of the evolution at the

surface of rubrene

Data presented in this chapter has been included in the following publications,

Thompson, R. J., et al. "Evolution of the surface morphology of rubrene under ambient
conditions." Applied Physics Letters [70]

Thompson, R. J., et al. "Morphology of cleaved rubrene and its evolution in an ambient
environment." SPIE Photonic Devices+ Applications. |75]

4.1 Surface evolution

In this chapter I will describe the work undertaken to investigate the evolution of the surface
morphology of rubrene single crystals. The study investigates samples which have initially not
been exposed to the ambient environment. Imaging of the surface shows how the topography
and electrical properties vary at the location of features which develop over time. The results in
this chapter shed light on the natural evolution of the surface of rubrene under ambient
conditions. These results suggest that the surface processes seen to occur will have a significant
impact on the performance of rubrene electronic devices, such as, field-effect transistors and

photo-voltaic cells.

The topography and electronic properties at the surface of rubrene were studied with atomic
force microscopy (AFM) and conductive atomic force microscopy (C-AFM). Regular images
were acquired for more than 20 samples, over the course of 24 months. To study the evolution
of cleaved surfaces in the presence of an ambient environment, topographs of the same area
were obtained continuously for periods of up to 3 days; these areas were regularly revisited over

a period of more than 1 year.

4.1.1 The cleaved surface
Previous studies of rubrene have reported large variations of both electronic and optical

properties.[21, 25, 30, 38, 73] These variations are shown to be dependent on the post growth
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treatment of the sample. In order to avoid these affects the surface is prepared by cleaving
rubrene as described in Section 3.5.2 . This provides two major benefits over the as-grown
surfaces: The newly formed surface is un-oxidized allowing controllable studies of chemical
doping processes; and large molecularly flat terraces can be reproducibly created, potentially

allowing reliable device fabrication away from step edges.

The two topographic AFM images in Figure 4-1 show both the surface of the sample and the
counterpart surface of the crystal, remaining on the cleave post. These were recorded
immediately after cleaving. As both images are taken from an area which originates from the
same location in the original crystal they are therefore mirror images of each other. These images
clearly show that cleaving process simply divides the original crystal in two parts without

noticeable loss of matter.

In order to locate the same area on both surfaces the cleaved region was first located using an
optical microscope. Large features were then located on each surface using an optical
microscope. Using a higher magnification optical microscope (~100X) more detailed features are
seen, these are believed to be step edges the height of many molecular layers and are found to
mirror the features on the opposing surface. By locating mirroring step edge “constellations” on
the two surfaces an approximate matching area can be found. Using the largest scan on the AFM
(100pm) located at this position allowed the accurate location and imaging of the substrate and

post surfaces originating from the same location within the bulk.

Substrate

Figure 4-1 AFM images of the surface of a recently cleaved sample. The left image shows the
surface of the sample remaining on the substrate. The right image shows the counterpart surface
of the sample remaining on the cleave post (recorded ~2 hours later). The mirror image
produced shows that the cleaving process separates the sample with preferential cleaving in the
ab-plane and no loss of matter occurs. (image recorded by S.Hudziak, B.Yadin & Z.J. Grout)

A cleaved surface can be seen in Figure 4-2(a), after cleaving, the surface consists of local regions

of terraces with sizes up to 100 um X 100 um, these are separated by step edge boundaries. The
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majority of steps have a height ~1.4 nm, corresponding to one rubrene monolayer, other larger
steps are seen at multiples of this height. The steps aligned along regular orientations as seen in
Figure 4-2(a). This is in contrast to step edges on the as-grown surfaces which tend to be rough

and meandering,[82, 83] such as that shown in
Figure 4-2(b).

Figure 4-2(c) shows an as-grown (not cleaved) surface after storage for 3 years, exemplifying the
extreme of how post-growth development can roughen and degrade the surface, probably due to
oxidation and unintentional deposition of debris. After growth the samples were stored in a
sample box kept in normal laboratory conditions, no intentional oxidation occurred. The
unknown nature of the observed post-growth development has implication for rubrene's
suitability for device applications. The pristine cleaved surface gives us an excellent unexposed
starting point to monitor and understand the surface development of rubrene from the moment

it is exposed to its environment.

It was seen that the pristine cleaved rubrene surfaces underwent extensive reorganisation of
material at the surface, first noticed on a time scale of 30 minutes after cleaving. This indicates
that the cleaved surface is not a stable system and one which quickly evolves in the ambient

environment.

-

1 Oum
T

Figure 4-2 Topographic AFM images (tapping mode) of single-crystal rubrene surfaces; (a) a
freshly cleaved sample showing three molecular terraces, (b) an as-grown sample 2 weeks after
growth, and (c) an as-grown sample approximately 3 years after growth. The colour scale
maximum is 10 nm, 13 nm and 400 nm respectively. [70]

4.1.2 Bead development

The first of two distinct surface features seen to develop on the freshly cleaved surface is the
growth of small ‘beads’ of matter. These can be seen to appear at the step edge boundaries and
are imaged as bright circular protrusions as highlighted in Figure 4-3. Beads were initially seen

between 30 minutes and several hours after cleaving. When initially detected they had an average
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height of 3 nm and a bead-to-bead spacing of 250 nm — 600 nm ranging from sample to sample.
Figure 4-3 shows a line profile along a step edge. Within the profile the beads can clearly been
seen with an average spacing of 480 nm. The evolution of the beads is shown in Figure 4-6, as
clearly seen continual growth of the beads occurred. One hour after cleaving, Figure 4-6(a),
rubrene shows a clean surface; one day after cleaving, Figure 4-6(b), the edge is decorated with
beads and has elongations growing from the step onto the lower terrace (discussed in section
4.1.3 ); after 7days and 11 months, Figure 4-6(c) and (d) respectively, the step edge shows
substantial overgrowth, some beads have merged and large features are seen to grow from the
step edge. The growth occurred in both illuminated and un-illuminated conditions. The average
height of beads for several samples is plotted in Figure 4-5 with respect to time. The majority of
samples have a constant rate of bead growth for up to two years, with no detectable saturation.
In a minority of cases the beads had a reduced rate of growth reaching a maximum. This can be
seen in Figure 4-5 with the sample plotted as red crosses. In the cases where this was seen to
occur, a second surface feature was seen to grow directly below the beads. This feature was a
‘finger’, as discussed in the following section. The beads in this minority of cases appeared to be

supplying material to this second feature.

Height [nm]
L

Distance [um]

Figure 4-3 Two copies of the same AFM image of a recently cleaved sample. The left hand
image highlighting individual beads and the right hand image highlighting (blue line) the path
that is shown in the cross section below the images.
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The measurement of bead height and spacing was undertaken using the software WSXM,[84] the
cross section profile in Figure 4-3 allows easy measurement of the bead spacing. The height of
beads was measured by drawing two cross sections parallel to the direction of tip scanning (this
ensured no height error due to comparing data between two adjacent lateral scans). One cross
section was located to intersect the highest point of a bead and passed over both levels adjacent
to the step, this gave the height of both bead and step. The second cross section was located
adjacent to the bead and gave the step height. The bead height was calculated as the difference
between highest point of the first cross section and the measured step height. An example of

bead height calculation can be seen in Figure 4-4.

™
1457 nm

z displacement [nm])
o

Lateral displacement [nm)]

Figure 4-4 Example of the calculation of bead height. The line profiles are taken from locations
identified in the insert. Bead height is calculated as the height of the bead plus step, taken from
the blue profile minus the step height taken from the red profile. In this example the bead height
would be calculated as 13.15 nm.
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Figure 4-5 Bead formation after cleaving for several samples shown as the bead height vs time.
Average bead height is evaluated using topographic AFM images as explained in the text; error
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bars show one standard deviation taken over a sample size of approximately 50. Blue triangles
correspond to the sample shown in Figure 4-3. [76]

10 nm 13 nm
() H
45 nm 150 nm

Figure 4-6 Topographic AFM images showing the development of beads on the surface with
time: (a) lhour after cleaving, (b) 1 day after cleaving, (c) 7 days and (d) 11 months after cleaving.
The colour scale (black to white) is 10 nm, 13 nm, 45 nm and 150 nm for images (a) ,(b), (c) and
(d) respectively.[76]

4.1.3 Finger development

Several hours after initial bead formation their development was accompanied by a second
change in surface morphology; the formation of ‘fingers’. Like the beads, the fingers originated
at step edges. However, the fingers took a completely different form, creating protruding narrow
(width in the range of 20 — 100 nm measured by AFM), one molecule high features, as seen in
Figure 4-7 and Figure 4-8. Fingers were seen to appear several hours after cleaving and their
growth originated from the base of the step edges. The fingers were molecularly flat and at the
same height as the single monolayer steps ~1.4 nm. It can be seen clearly in Figure 4-7, Figure
4-8 and Figure 4-9 that the fingers have an anisotropic growth. Figure 4-9 shows the geometry of
the crystal, from this the crystallographic axes can easily be deduced. It is seen that the preferred
growth direction aligns along the a-axis of the crystal. Fingers were seen to have a length to

width ratio of up to 7:1 and grow to lengths in excess of 1 um. It should be noted that as
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exhibited in Figure 4-9 surface development is seen on the terraces though this only occurs on a

minority of samples.

Figure 4-7 AFM images showing the growth of fingers. The second figure clearly shows the
anisotropic growth of the fingers.(Note the crystallographic orientation of these images is not
the same)

The height of the fingers implies that they are constructed of either rubrene or a rubrene species,
such as rubrene peroxide, where the perturbation of the structure is of such a small degree it is
not resolvable using AFM. The fact they show a smooth molecularly flat surface and orientate
themselves with a crystallographic axis implies that they have crystallographic packing. Fingers
have been seen to grow from the base of beads and a reduction in the bead height was observed.
Examples of this can be seen in Figure 4-8 f) and g). This observation suggests that material
from the beads can migrate to form the fingers. In the case of the sample seen in Figure 4-5,
labelled with red crosses almost every bead was coupled to a finger. In this case the average
growth rate of beads reduced over time and the beads reached a maximum height. This in turn
infers that the beads are composed of the same material as the fingers, although, unlike the
fingers, there is no evidence that the structure of the beads exhibits crystalline ordering. It should
be stressed that the coupling between bead and finger growth is not seen in all cases.
Comparison between Figure 4-8 f) an g) shows evidence of step edge roughening and recession.
The beads were seen to remain in a fixed position and can therefore be used as a reference point.
This recession and roughening of the edge also leads to a hypothesis that the molecular
reorganisation was redistributing molecules from the step edge to form the fingers. Figure 4-10
details the suggested processes which are hypothesised to occur when the crystal is cleaved.
These processes include the incorporation of an ambient environment component stimulating
initial growth. Roughening is then seen at step edges as the fingers are formed. Finally, in a small

number of cases material migrates from the bead to the finger.
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Figure 4-8 Topographic AFM images (tapping mode) showing the change in surface
morphology of a rubrene surface (a) 4.5 weeks, (b) 5.5 weeks, (c) 6.5 weeks and (d) 11 months
after cleaving. Images (f ) and (g) are enlargements of the same area indicated in (b) and (d)
respectively. The colour scale (black to white) for images (a) and (b) is 13nm, for (c) and (d) is
17nm, and for (f') and (g) is 20 nm. Schematic (e) shows the crystallographic directions a and b
and the orientation of rubrene molecules.[76]

Figure 4-9 Topographic AFM image of surface several weeks after cleaving. The left diagram
shows the orientation of the crystal. The crystallographic axes as labelled can be easily identified
by the crystals geometry.
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Figure 4-10 A schematic representation of the hypothesised processes occurring in the growth
of ‘beads’ and ‘finger”™. It should be stressed that both the growth of fingers and beads can occur
at separate sites, and therefore the final step is not always of relevance
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4.2 Environmental effects on surface evolution.

In order to understand the origin of beads and fingers, I investigated the effects of atmospheric
conditions on surface development. Several rubrene samples were prepared for cleaving and
then placed into an argon environment 3 mbar above ambient pressure. The samples were
cleaved within the argon atmosphere and either removed immediately or left in the argon
atmosphere for several days after cleaving. On immediate removal from the argon atmosphere
the cleaved samples showed no difference to samples cleaved in normal atmospheric conditions
and developed as such. The samples that were removed a week after cleaving showed no surface
developments while being in the argon atmosphere. This is evident in the AFM image in Figure
4-11 which was recorded immediately after removal from argon. As the plot in Figure 4-11
indicates on exposure to an ambient environment the samples which were cleaved and stored in
argon, began to develop as though they had just been cleaved. In a few cases these samples
showed an increased rate of bead growth, though always had a molecularly flat undeveloped
surface on removal. The increased rate of growth was inconsistent within these studies and
further investigation is required to understand this phenomena. The undeveloped surface on
removal from argon shows that the growth of beads is initiated by the presence of an

atmospheric component.
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Figure 4-11 Plot showing the height increase of beads on samples cleaved in an argon
atmosphere, one sample was immediately removed into an ambient atmosphere (blue triangle)
and the other removed after 10 days. Left, shows an AFM image of the surface after being
removed from the argon atmosphere.

4.3 Electrical characteristics of the surface.

In order to probe how the electrical characteristics of the cleaved surface vary from that of an as-

grown surface, and observe how these characteristics change with the development of the

surface conductive atomic force microscopy (C-AFM) was used. C-AFM as discussed in section
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3.2 is a modification of AFM where current flow is measured while a potential difference is
applied between the sample and tip. C-AFM is a technique which is rarely cited in literature,
especially for the study of organic electronics where surfaces degradation due to tip interaction is
seen to occur easily. Much time and effort was therefore spent developing the method of

implementing C-AFM on rubrene samples.

For a good continuous channel of conduction to be made between the tip and sample, the AFM
must operate in contact mode. This mode of operation exerts a greater force to the surface than
the tapping mode which was used for imaging. The surface of rubrene appears to be easily
susceptible to surface damage from scanning. For this reason scanning in contact mode was not
ideal but could be achieved if the feedback set point was altered to produce minimum surface-tip
interaction as described in section 3.1 (For the microscope used, when in contact mode
decreasing the set point reduced the force applied by the tip). Undertaking a reproducible
method of engaging the tip also acted to ensure that the surface area of the tip which was in
contact with the surface was constant between scans. This is important as increasing the force of
the tip interaction increases the amount of contact with the sample surface, therefore increasing

the current flow.

Initial conduction experiments showed that the measured current would diminish with respect to
time. It was also seen that when a continuous scan returned to an area that had previously shown
conduction, no current flow would be detected. It was hypothesized that charging was occurring
on the surface and the charge was unable to dissipate. To allow dissipation of the charge and
increase conduction a conductive track was created using carbon paint between the sample
mount and the ab-plane top surface. This bypassed the large bulk resistance of the c-axis. The
addition of the conductive track removed the effect of charging providing a measurable current.
Bypassing conduction through the bulk also acted to remove the inconsistency between samples
introduced by the series resistance of the bulk which was dependent on the dimension of the

crystal.

After undertaking many C-AFM measurements on several samples, it was evident that
performing measurements in atmospheric conditions did not provide data which allowed
comparable quantitative analysis. This was due to uncertainties of the series resistance produced
by varying environmental factors such as humidity and temperature. It was also extremely
difficult to ensure that the force applied remained constant when changing samples and AFM

probes. Although quantitative comparisons of different measurement were not possible the

68



results of a single scan can be compared. Qualitative comparisons could also be made between

data recorded from different scans.

30 I . ' ' — - -
[ +  (luminabon | [+ No irumination
. *  No dlumination . 2
é 20 é
‘E =
5 g
% 10 E
0 g | 3 0
0 & 8 5 80 .90

Sample bias (V) Sample bias (V)

Figure 4-12 I-V Characteristics recorded by C-AFM under illumination (red) and without
Ilumination (Black). The right shows the dark I-V data on a smaller scale.

In order to perform I-V spectroscopy the tip was positioned on the surface and the potential
difference was ramped. This IV spectroscopy showed a degree of hysteresis as seen in Figure
4-13, this was reduced with slower ramping but was never removed entirely. The hysteresis
implied that even with a direct surface contact, charge took a relatively large time to disperse.
Forward ramping can be seen in Figure 4-12. It shows that conduction occurs both with and

without illumination though the photo-current constitutes a substantial component as

highlighted by the difference between the two traces.[75]
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Figure 4-13 Example of hysteresis seen when ramping the voltage while in situ while
undertaking C-AFM. (A current offset is seen due to internal resistance of the TUNA module)

Figure 4-14 shows a topographical image, (a), and conduction map, (b), that were acquired

simultaneously. By analysing and comparing these images, we can see that on terraces there is a
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uniform conduction, as previously has been seen on as-grown surfaces.[85] As the probe
approach step edges and the location of beads the conduction is seen to vary. Figure 4-14 (b)
shows a prolonged increase in conduction to the left of beads. This is not a real effect but caused
due to the slow response of the system. It is a repercussion of the settings required to reduce the
tips interaction with the surface. When the tip passes over a raised feature such as a bead, the
feedback loop corrects the height of the tip and returns it once is has passed over. When trying
to ensure as little interaction with the surface as possible while still maintaining contact for
conduction this process becomes less and though not resolvable in the topography it has a
visible effect on conduction. In this case the scan direction was from right to left. This effect is
removed when the scan is vastly slowed down as has been done for the measurements presented

in Figure 4-14(c) &(d).

<
e
5
| =
-
o

S60nm

Figure 4-14 Rubrene surface 2 months after cleaving: (a) topographic AFM image (contact
mode) with a colour scale (black to white) of 100 nm, (b) C-AFM image of the same area as (a)
with a colour scale (black to white) range of 200 pA. (c) and (d) show a topographic image and a
C-AFM map respectively near a step edge, highlighted in (c) for ease of identification. (e) and (f)
show topographic and conduction profiles respectively of the indicated paths in figures (c) and
(d).[76]
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Figure 4-14 (c) and (d) show a topographical image and conduction map respectively at a much
smaller scale than (a) and (b). (e) and (f) show line profiles taken from the indicated locations on
(c) and (d) respectively. The red line indicates the profile located over a bead, the blue dotted line
indicates the profile located over a step edge, (the step edge is highlighted by a yellow dotted
line). The first thing that can be noticed and is also clear from Figure (b) is that at the location of
a bead there is no detectable conduction. Interestingly, it can be seen that in close proximity to
the bead the conduction increases. This effect can be confirmed as an actual effect and not an
imaging artefact as the increase is seen at a distance of ~0.05 Um away from any topographical
variance. This distance is large enough to prevent any interaction between the tip and the feature.

The step edge appears to have no effect on conduction.

The reduced conductivity within the beads may be due to a lack of a crystallographic structure
that prevents the overlap of pi-orbitals between molecules, inhibiting charge transport.[86] The
increase of conductivity in close proximity to the bead is an intriguing observation and could
imply that the bead causes band bending on the surface directly below the bead, either as a result

of an inter-facial effect or due to the bead being charged by the AFM tip.

4.4 Conclusions

A method has been developed for cleaving rubrene crystals. This method allows reproducible
production of surfaces that are previously unexposed to the ambient environment. These
surfaces regularly have large terraces, with sizes up to 100 pm X100 pm that are intersected by
straight step edges with regular orientations. This cleaving method provides an ideal surface for
investigations of pure rubrene surfaces and their reaction to the environment. AFM studies show
that the cleaved rubrene surface undergoes significant changes in the normal atmospheric
environment. These changes suggest that the pure rubrene surface is more reactive compared to
the as-grown rubrene surface. The cleaved rubrene surface can serve as a reproducible and

reliable standard for determining pure rubrene surface signatures.

Two distinct processes are identified as occurring when the pure rubrene surfaces are exposed to
an ambient environment: the formation and three-dimensional growth of nanoscale beads; and
the formation and two-dimensional growth of narrow, monolayer high fingers. As these
processes exhibit a dependence on the environmental conditions, they imply the incorporation
of an atmospheric component, likely oxygen or water, into the material. The exact structure and
composition of the beads remains unknown. The material initially forming the beads is not
noticeably migrating from other locations on the surface. It is obvious however that step edge

boundaries play an important role in the formation of both beads and fingers. The step edge
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offered a different chemical environment to terraces, as well as allowing a degree of molecular
steric deformation. Both of these properties of the step edge can make a reaction of rubrene
with the environment more favourable. The conductive atomic force microscopy studies show
that the beads exhibit an insulating behaviour, with an increase in conductivity at the interface
between the bead and rubrene. The topography and conduction of the bead indicate a lack of
crystallographic structure. However, as the finger growth is in some cases coupled to the beads,
it is implied that beads and fingers consist of the same material, suggesting the beads are

amorphous clusters of rubrene or oxidized rubrene molecules.

The results from this study suggest that the model of the as-grown crystalline rubrene surface
needs to be refined in order to explain its passive behaviour compared with the observed
behaviour of the cleaved surfaces. A better understanding of the as-grown rubrene surface,
which is often considered to be pure, is essential to determine origins of the charge transport

modification in rubrene.

The experimental investigations presented here, show phenomenology of the morphological
changes on the cleaved rubrene surface and how these changes affect the charge transport on the
microscopic scale. The experimental results confirm that the modifications of surface
conductivity are likely to be controlled by the presence of crystallographic defects, such as grain
boundaries and step edges. AFM studies however fall short of providing detailed information
about the chemical composition or molecular arrangement inside the beads and fingers. I discuss
in Chapter 5 and Chapter 6 the techniques of time of flight secondary ion mass spectroscopy
and photoluminescence spectroscopy, both are techniques which can help understand the

environment at these structural defects.
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Chapter 5

ToF-SIMS Studies of rubrene

Data presented in this chapter has been included in the following publications,

Thompson, R. J., et al. "Revealing surface oxidation on the organic semi-conducting single
crystal rubrene with Time of Flight Secondary Ion Mass Spectroscopy." Phys. Chem. Chen.
Phys. (2013). [87]

In this chapter I will discuss the application of Time of Flight Secondary lon Mass Spectroscopy
(ToF-SIMS) to investigate the surface of rubrene single crystals. The data provides direct
measurements of molecular and atomic species present on the surface of rubrene. The
abundance of these molecular and atomic species has been mapped showing an inhomogeneity
of rubrene oxidation at the surface. These maps indicate that increased oxidation occurs at the
location of crystallographic defects. We also discuss the effect of using differing primary ion
beams and determine that Ceo®* and Bis* are the preferred analysis beams for mass spectroscopy
and spatial profiling respectively. Ar cluster sources are also seen to be ideal for depth profiling

the material.

5.1 Chemically specific studies of rubrene

As we have shown in Section 4.3 and as exemplified by Najafov ¢z @/[21] and Mitrofanov ez
al.[30] the surface of rubrene plays a vital role in the control of charge carrier concentration and
mobility as well as exciton recombination. Importantly it has been debated in the literature

whether there is a natural surface oxidation which affects these properties.

The studies discussed in Chapter 4 show that when cleaved, the fresh rubrene surface reacts with
the environment. This environmental reaction leads to the three dimensional growth of beads
and two dimensional growth of fingers. The beads were seen to affect charge carrier behaviour at
the surface. It was conjectured that the small scale topographical variations were an effect of
oxidation. Mitrofanov ef a/. have shown the presence of oxygen during growth increases the

dark- and photo- conductivity of rubrene.[30] It is also well established that the surface
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chemistry of rubrene plays a large role in the photoconductivity, for example Najafov ¢f a/. show
that the deposition of parylene-D increases photoconductivity by a factor of 1.5.[21] It is clear
from these previous studies that for rubrene to be used as a reliable material in electronic
devices, the surface modifications, whether intentional or naturally occurring, need to be

undetstood.

The majority of research into the chemical evolution at the surface of rubrene has so far relied
on indirect methods such as photoluminescence spectroscopy, high pressure liquid

chromatography, and Laser Desorption Ionisation ToF mass spectroscopy.

Photoluminescence (PL) spectroscopy has been undertaken in several studies on rubrene and
uses the peaks present in the emission spectrum of the excited material to identify energy
transitions. These transitions can be modified by the presence of different chemical species.
Once the origin of a transition is deduced this leads to a ‘spectral signature’ indicating the
presence of specific chemical species.[30, 38, 79] It should be noted that the origin of the
energetic transitions evident in the electromagnetic spectrum of rubrene is debated. In particular
the origin of the 650 nm PL band is speculated to originate from the chemical presence of
oxygen,|30, 38] and also conversely said to be due to the presence of amorphous, non-crystalline,

pockets of pure rubrene within the crystal. [88]

High Pressure Liquid Chromatography has been used to measure the purity of rubrene crystals.
The sample is dissolved in chloroform and a pressure driven process is used to separate the
different molecules within the solution. These molecules can then be analysed by mass

spectroscopy showing the molecular composition of the rubrene sample.|78]

Laser Desorption Ionization Time of Flight mass spectroscopy (LDI-ToF) has been reported as
used to quantify the purity of thin organic films and single crystals by measuring the abundance
of rubrene oxide.[89, 90] The LDI-TOF technique uses a laser to ionise and liberate surface and

subsurface molecules whose mass charge ratio is then analysed by time of flight spectroscopy.

By comparison ToF-SIMS offers an excellent opportunity to directly observe the molecular
composition of the very top most exposed molecules and image the spatial variation of this
composition. This therefore provides a valuable tool to study the resultant molecular

composition as well as viewing any inhomogeneity present due to the incorporation of defects.
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5.2 Mass Spectroscopy

Tol-SIMS analysis of rubrene has not been previously reported. Therefore, initial experiments
were carried out to establish which primary ion source produced the best ion yields from the
rubrene sample. In order to do this the experiments aimed to deduce the methodology required
to produce the maximum number of secondary ions per primary ion, with as little damage to the

surface as possible.

5.2.1 Analysis of the primary ion beam

The primary beam soutces tested were: Bit, Bi2* Bi3*, Cs*, C60*, Ceo?t and Ceo>*. The results of
the primary beams which produced a substantial yield are highlighted within Figure 5-1 show
that for each primary ion beam the spectroscopic peaks of rubrene (Cs2Hozs*) at m/z of 532 were
observed, along with the isotopes of the molecule. The isotopic ratios are in agreement with the
naturally occurring ratios of carbon isotopes.[91] This is of note as it shows the mass spectra are

accurately calibrated and the intensities measured are accurate with no mass interferences.
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Figure 5-1 ToF-SIMS acquired mass spectra showing the peaks of the rubrene ion and its
isotopes. The spectra was obtained using 3 different primary ions in order to deduce the best
beam for studying rubrene surfaces. For clarity the spectra have been offset on the y axis, (Ion
yield is calculated as the ion intensity divided by the primary ion dose for the respective analysis
beam).

From Figure 5-1 it can clearly be seen that the primary ion beam which produced the greatest

yield from the surface of rubrene was the Cgo>* beam.
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With respect to comparing the ion yields produced by the two C% primary ion beams, the results
in Figure 5-1 agreed with studies undertaken on other materials. These studies experimentally
showed that the sputtering yields produced by a Cs"* ion beam are directly proportional to n
although no explanation of this behaviour was provided.[92] This was observed on sucrose thin

films, trehalose, and Ag substrates.

When considering Bis* it is clear that the yield produced over a prolonged measurement is far
less than both Cg beams. It should be noted that at lower primary ion dosage, Bis* showed an
increased flux of secondary ions greater than that of the two Ceo beams. The intensity of the
secondary ion count rapidly dropped to the background count by the time a dose density of

1x1012 jons-cm? was reached as can be seen in Figure 5-2.

10000
Bi,* analysis
)
€ 1000
3
S Ceo' ' analysis
-4
@
g
§ 100
10

0.00E+00 1.00E+07 2.00E+07 3.00E+07 4.00E+07 5.00E+07

lon Beam Dose (ions/cm?)

Figure 5-2 Plot showing the intensity of rubrene secondary ions with respect to primary ion
beam dosage for Bis* and Ceo®t primary ions beams.

The diminishing rubrene ion signal indicates that the Bis* ion beam is causing physical and
chemical modifications to the exposed surface.[93] Interestingly, the ion beam doses were still

below the nominally quoted static limit of 1X10'3 ions-cm? for polymer materials.[94]

The greater Ceo”" ion yields remain stable past doses of 1X10!0 ions-cm2, indicating the static
limit was not reached and surface damage did not occur. This agrees with the AFM images in
Figure 5-3 which show the surface of an area analysed by ToF-SIMS and a nearby area which
was not analysed. The primary ion dose density used was 1x10 jons-cm=2 Damage to the
surface which has been seen when using the Cgp beam includes the deposition of carbon on the
surface and the removal of large amounts of sub surface material, destroying the surface

integrity. This result is consistent with previous SIMS studies of other organic molecules where it
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is understood that cluster soutces are required for successful removal of large molecules.[95, 96,
97] Molecular dynamic simulations have also shown that the large Cgo cluster ions do not
penetrate deeply, instead removing large areas of material from the surface. The use of the Cgo>
primary ion beam at large dose density allows a large data set to be amassed. This therefore
potentially allows valid statistical data to be accumulated for relatively low concentrations of

impurities.

At location of analysis

1000pum from analysis area

Figure 5-3 Two AFM images taken on the same sample, the AFM image on the left shows an
area when ToF-SIMS analysis has occurred and the right shows an area away from the analysis.
The AFM image shows no noticeable damage to the surface. The surface is still structured with
monolayer steps of rubrene with similar roughening to those expected for an ‘as-grown’ sample.
The primary ion dose density used was 1X10' ions-cm2.

5.2.2 Mass spectrum at the surface of rubrene

The typical mass spectra obtained from the surface of rubrene are shown in Figure 5-4. The
mass spectra were obtained using a Ceo™" primary ion beam with a beam current of ~0.01 pA.
The analytical area was 300 um X 300 pm with 16 X 16 pixels and a beam size of ~50 um. Both
negative and positive secondary ions were collected and are shown in the upper and lower
spectra of respectively. In each case the number of ions incident on the surface was limited to
1x10' ions-cm?; this insured statistically that each ion impacted an area un-affected by previous

ion impact.

The two spectra clearly show different fragmentation patterns. In negative secondary ion mode
the peaks with the highest yield are the small hydrocatbon fragments below m/z=150. Only a
small peak is observed at m/z=532 corresponding to the rubrene molecular mass, CyHog
Negative polarity analysis reveals the presence of the electronegative rubrene peroxide ions at
m/z=565 (C42Hzs02). In the positive secondary ion mode, again a range of fragments are

observed in the lower m/z range but with much lower ion yields. The positive rubrene

77



molecular ion, CsHog* at m/z=532 is much clearer with a higher ion yield than in the negative
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Figure 5-4 Rubrene mass spectra acquired by ToF-SIMS using a Ceo** primary ion beam. The
top spectrum shows all negative ions, allowing for tracking of electronegative oxide molecules.
The bottom spectrum shows all positive ions.
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regime, though the peroxide ion is now not observed. Fragmentation of the parent molecule is
also cleatly occurring in the positive regime, as the highest yielding ion is observed at m/z=376
(Cs0Hi6"). This fragment appears to be the parent molecule of rubrene, with two benzene rings
removed. This fragment is not observed in the negative ion mode. The positive secondary ion
mass spectrum clearly shows that upon impact fragmentation does occur. The positive secondary

ion mass spectrum shows preferential fragmentation of the molecule CsoHig.

5.2.3 The effect of temperature on yield

It has been shown that a reduction of sample temperature can reduce the loss of molecular
information and fragmentation of organic polymer based materials during SIMS.[93, 96, 98, 99]
It was therefore conjectured that the effect may be similar on rubrene and the effect of
temperature on analysis was investigated. The sample temperature was lowered to -150 °C using
liquid nitrogen in thermal contact with the sample stage. Mass spectra were acquired for a series
of temperatures from -140 °C to 20 °C using a controlled heating stage. As can be seen in Figure
5-5, for the case of rubrene, a negligible temperature effect was observed for both polarities of
ions. The reduction on temperature therefore had no effect on the physical properties required

to improve the SIMS signal of rubrene single crystals.
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Figure 5-5 Plot showing the effect of temperature on the secondary ion yield of intact rubrene
ions during ToF-SIMS analysis using Ceo*". Temperature was seen to have negligable effect on
the fragmentation and yield of the rubrene molecule.

5.3 Surface imaging
Ion mapping can be accomplished by rastering the analysis beam and building up a chemically

resolved image of the surface as described in Section 3.3 . The Cq beam which was used in the
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previous section for producing mass spectra over long acquisition times is not suitable for
imaging. This is due to it large beam size, ~50 um, imaging therefore was undertaken using the
Bi beam. As discussed in Section 5.2.1 exposure of the Bi beam produces a loss in molecular
integrity at the surface, even after relatively small primary ion beam doses. Due to this,
throughout imaging, the secondary ion profile was monitored to insure the rubrene molecular

signal did not drop to a back ground count.

5.3.1 Imaging of natural surface oxidation

After initial experiments successfully showed the possibility of producing ions maps of the
surface of rubrene, analysis was under taken on an unintentionally oxidized surface. lon mapping
was carried out on a rubrene as-grown ab-plane surface. For high lateral resolution the Bis* ion
beam was used. The ion beam current was ~ 0.1pA scanned over an area of 250 um X 250 um
with 1024 X 1024 pixels. Negative secondary ions were collected to obtain a good signal from

the electro negative oxide related molecules.

Figure 5-6 shows ion maps for each of the labelled ions. The pixel intensity in Figure 5-6 a) to
e) indicates the number of the collected ions of each respective molecular species and their
isotopes. The images have been normalized pixel by pixel with respect to the total ion count as
discussed in the previous section. The total ion count (the entire recorded mass spectrum

integrated at each pixel) is shown in Figure 5-6 f).

As expected we clearly see the presence of the rubrene molecule (C42Hazg) which is detected over
the entire surface as shown in Figure 5-6 a). As well as the rubrene molecule four oxide related
ions have been tracked, shown in Figure 5-6 b) — ¢). Rubrene oxide ions (C4H20"), Figure 5-6
©), are observed to exist almost uniformly over the entire surface with a small contrast seen. In
comparison, rubrene peroxide ions (C42H2sOz2), Figure 5-6 b), have a much greater contrast with
an increase in counts at defined locations (brighter areas indicate a higher concentration of ions).
It is believed that these locations correspond with the presence of crystal defects. These defects
are also indicated (albeit with much lower contrast compared to Figure 5-6 b), d) and ¢)) in the
preferential sputtering seen in Figure 5-6 f) which shows the total ion count, a good indicator of
topography. In Figure 5-6 €) we map the presence of a molecule of mass 487 amu. It is believed
that this corresponds to CssH230Oz, a rubrene peroxide molecule which has lost one of its
exposed phenyl rings. This sort of fragmentation is likely to occur on the impact of primary ions.
The molecule shows locally increased concentration in correlation with Rubrene peroxide, Figure
5-6 b). In Figure 5-6 d) we show the spatial variance of oxygen ions. It is speculated that these

ions come from oxidised rubrene molecules which have completely fragmented on impact.
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Again the correspondence with the areas of surface defects is clearly seen. Note the high relative
count for oxygen containing species near defects; the majority of molecules detected at these
spatial locations contain oxygen. In agreement to this locally increased concentration of

oxidation, rubrene ions (Cs2Hog), Figure 5-6 a), are depleted at the same locations.

487.42 amu
MO (C;6H);0,) Total counts

Figure 5-6 A series of ion maps each showing a 250 um X 250 um area of an as grown surface
of rubrene. Each image spatially maps the intensity of the respective ion and its isotopes and is
normalised pixel by pixel against the total counts image. The pixel intensity represents the
normalized count intensity, with the exception of f) where total counts are represented. Pixel
intensity runs from black being O to white being maximum normalized counts. The tracked
molecule and maximum normalized counts for each respective figure are: a) rubrene 0.15; b)
rubrene peroxide, 0.16; c) rubrene oxide, 0.1; d) oxygen, 0.50; e) 487.42amu (suggested to be
C3H2302) 0.75 f) total counts.

81



The observation of local oxidation at the surface of rubrene is of importance, as oxidation is a
degradation process which can potentially ruin electronic devices. We want to discover the
location of localised oxidation and understand why these specific areas are preferred. The
rubrene peroxide, oxygen and CssHa3O- ions show a large contrast over the sample surface. By
comparing these with the total ion count image, we can see topographical formations at these
points, which would be typical of micro cracks, grain boundaries or other crystal defects. For
rubrene peroxide to form in the crystal a steric deformation of the molecule is required. As
discussed in Chapter 4 , this can occur at step edges. Or, as discussed by Mitrofanov ez 2/[38] and

exemplified in the results seen in Figure 5-06, at the location of structural defects.

5.4 Depth profiling

Little is known about how surface oxidation may extend below the surface of organic single
crystals and as of yet a suitable technique to probe this has not been devised. In understanding
how the process of oxidation extends below the surface we aim to recognise its effect on surface
and sub-surface conduction channels as well as gaining a better knowledge of the depth at which
these conduction channels exist. One possible solution to investigating sub-surface oxidation is
the use of higher energy primary ions to sputter away the surface, providing a means of depth

profiling.
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Figure 5-7 A plot of Secondary ion counts vs Sputter time. Respective primary ion beams are
used to sputter away the surface interlaced with Bis* analysis. Arrows on the y axis indicate the
initial intensity of the labelled sputter profiles. The Cgo™ and Cs* quickly damage the underlying
surface destroying the whole molecule signal (note the x-axis is presented with a logarithmic
scale).
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Depth profiling of organic semiconductors is not a trivial matter due to the high possibility of
damaging the underlying surface. Within the literature different ion beams are proposed for
different materials depending on the structure and thicknesses.[100, 101, 102] However, in
these previous studies SIMS depth profiling was not performed on any single crystalline organic

materials

Within this study depth profiling was carried out using Cs*, Ceo™ and Ar* cluster ion sputter
beams. The angle of incidence for the Cs and Ar beams was 45°, whereas the Cg beam was 60°.
The Ar cluster size was estimated to be ~2500 ions. In all cases the analytical beam was Bis*.

The sputter beam conditions for the depth profiling are shown below in Table 5-1.

Table 5-1 Sputter ion beam conditions used on rubrene

Ion Beam Species Ion Beam Energy Ion Beam Current Analysis Area
/keV /nA / (um)?2
Cs* 0.5 75 300
Ceo™ 10 1.0 500
Ar-2500" 5 1.5 300

A dramatic difference between the three sputtering ion beams is observed in Figure 5-7: In the
case of both Cs* and Ceo* ion beams, the rubrene molecular signal is lost very quickly. For the
Ceot ion beam this occurs in the first 10 seconds, whereas the Cs* ion beam does little better, a
stable rubrene signal is never obtained and after 20 seconds of sputtering the signal is gone.
Impressively the recently developed Ar cluster ion beamtt is able to maintain the bulk molecular
ion signal. The rubrene signal remains constant over the length of the analysis, up to a total

sputter depth of 5 pm, indicating that the molecule is being sputtered intact.

It is suggested that the use of very large Ar cluster ion beam means that upon impact, the energy
of the ion beam is distributed over the whole of the cluster. In this instance the Ar ion beam
impacts the rubrene with approximately 2 eV /atom, compared to 50 eV/atom and 166 ¢V /atom
for the Cs and Cg ion beams respectively. Most of the beam energy is deposited in the
subsurface region of the rubrene, and deeper layers of the material remain undamaged from the
ion beam impact. The decrease in kinetic energy leads to an increase in the ratio of ejected intact

molecules to fragments.

Tt The Ar,* cluster beam is a new development for the ToF-SIMS instrument. Experimental data was
therefore undertaken at IONTOF and the National Physics Laboratories. The formation of Ar,* clusters
was first successfully undertaken by Seki e# @/ in 2006,[108] Who have explained the formation of clusters
is accomplished by the condensing of molecules during adiabatic cooling of high pressured Ar gas.
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5.5 Extended studies of oxidation

5.5.1 Imaging of local anodic oxidation
For initial experiments a sample was prepared that would contain a known chemical element. To
accomplish this local anodic oxidation of a rubrene sample was performed. This would provide a

trace of oxygen in a known location on the surface.

Local anodic oxidation was performed using an AFM. The process involves a voltage being
applied between the sample and the tip, as in C-AFM. When the voltage is large enough and an
oxidant is present, an oxidation reaction is induced.[103, 104] The oxidant in this case is water
vapour present in the air, which condenses on the surface of the sample. It was therefore
important to ensure a high humidity for local anodic oxidation to occur. By scanning the tip,
while held at voltage, it was possible to draw an image, in this case a filled rectangle. To ensure

successful oxidation it was important to have a small tip velocity and a high voltage.

Total counts

Figure 5-8 Three ion maps tracking the intensity of the labelled secondary ions over an analysis
are of 40 um X 40 um at the surface of rubrene. The surface has intentionally been oxidized by
local anodic oxidation. a) and b) have been normalized pixel by pixel with respect to the total
counts. The grey scale (black to white) shows the normalize intensity for a) 0 - 0.122, O- and b)
0 — 0.097,C42Hog and total intensity for ¢) 37.875 — 75.00, total counts.

Figure 5-8 shows the ion maps acquired at the area of local anodic oxidation. In order to track
the oxygen signal acquisition was undertaken in the negative regime. It can be seen in Figure
5-8 ¢) that the total amount of counts at each pixel is not homogeneous over the analysis area.
This can be caused by several effects such as preferential sputtering, due to topography, or a
change to the structural or chemical matrix, making the ionization and liberation of surface
molecules more or less likely, known as a matrix effect. To take account for any preferential
sputtering, each chemical specific map produced was normalized pixel by pixel with respect to

the total counts.
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It can be clearly seen in Figure 5-8 a) that the oxygen signal is increased in the area where local
anodic oxidation occurred. Less obvious, but never the less present, is the reduction in the
rubrene molecular signal (C42Hog) at the same area seen in Figure 5-8 b). Interestingly there was
no obvious variation in the oxidized rubrene signal for either Cs2HasO- or CaoHasOs - This
implies there was no chemical reaction between oxygen and rubrene, and the oxygen was
incorporated into interstitial sites in the crystal. Such a process occurring during local anodic
oxidation is unexpected and not observed on other crystalline semiconductors.[105] This leaves

an interesting open question which requires to be addressed in future studies.

5.5.2 3D Imaging

After determining the best primary ion sputtering beam was Ar-s00%, initial experiments were
undertaken to measure the 3D distribution of chemical elements. This was undertaken using the
ION-TOF V machine at The National Physic Laboratory. The fragmentation of rubrene was
different when the surface was subjected to Ar-2s500" bombardment. Understanding the origin of
fragments and their parent molecule is not a trivial matter and will need the consideration of

theoreticians before a full understanding of the 3D distribution of ions can be accomplished.

Figure 5-9 Initial depth profiling of cleaved rubrene (approximately 1 year after cleaving)
200 um % 200 pm X ~175nm. The right two images show ion maps for the respective ions,
these are summed over the entire depth analysed and normalized by the total counts at each
pixel. The left image shows a 3D reconstruction of the O- ion distribution to a depth of
~175 £ 25 nm. Features can be seen which extend below the surface. The analysis beam used
was Bis™ and an Aras0* sputter beam.

The rubrene molecule was strong enough to track and it was seen that for the depth measured
(~175 nm) it remained constant as with the previous study, shown in Figure 5-7. Interestingly
oxygen ions were present, as can be seen in Figure 5-9 these existed uniformly across the

material for the first few monolayers. Below this oxygen ions were not present except at the
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location of defects penetrating into the material. These defects are cleatly seen in the 3D
representation and summed oxygen ion map in Figure 5-9. The defects are also indicated by the
depletion of rubrene as shown in the summed CqpHzs ion map. Interestingly the distribution of
rubrene peroxide did not correspond to the distribution of oxygen ot rubrene and had a uniform
distribution which was unaffected at the location of the defects. This raises an uncertainty to the

origin of the O- ions and is not dissimilar to the results seen in the local anodic oxidation study.

The data presented in Figure 5-9 shows the possibility of using this technique to investigate the
subsurface effects of oxidation. Before a conclusive study can be accomplished though, further
study needs to be undertaken to produce a full understanding of the effects of Ar-as0™

bombardment on the fragmentation of molecules.

5.6 Conclusions

The data presented in this chapter was the first reported ToF-SIMS analysis on an organic single
crystal surface.[87] A spatial profile of the rubrene surface shows the existence of a uniform
coverage of rubrene-oxide, along with local increased concentration of rubrene-peroxide
occurring at areas of topographical variance. These areas are believed to be crystallographic
defects. We note that these are not observed in an optical microscope. The presence of the
locally increased oxidation supports previous findings which suggest that oxygen can only be
incorporated into molecules of single crystal rubrene at locations allowing for steric deformation

of the molecules.

The experiments detailed show that ToF-SIMS studies of an organic single crystal require
different experimental considerations in comparison to other studies on organic molecules. This
is highlighted by the lack of temperature dependence seen within rubrene. These material
specific considerations are also highlighted by the necessity for varying the primary ion beams,
depending on the regime being used, either mass spectroscopy, spatial profiling or depth
profiling. The study presents Ceo?t, Bis* and Ar cluster sources as the preferred primary ion

beam in each of these respective regimes.

One application of ToF-SIMS that should be of particular value for the development of organic
electronics is the study of surface degradation on organic crystals, particularly via oxidation. By
combining the sputtering and spatial profiling techniques, further studies can produce a full
understanding on how oxidation penetrates into the material. This can further lead to an

understanding and modification of conduction paths at and near the surface of rubrene. By also
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striving to reach the resolution limits of spatial profiling, it is hoped to study the chemical

composition of nanoscale features resulting from local oxidation.
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Chapter 6

Photoluminescence confocal microscopy

Within this chapter I present experimental details and describe the optical configuration for a
scanning confocal microscope designed to image both the intrinsic and defect driven nature of
excitons within rubrene. In order to achieve this, an experimental instrument has been designed
to produce excitation by two-photon absorption. The instrument can independently measure the

spatial distribution and spectra of the resulting photoluminescence (PL).

6.1 Experimental design

To probe the intrinsic nature of excitons in rubrene (not affected by the presence of defects),
photoexcitation should occur within the bulk of the material. Probing within the bulk avoids the
possibility of commonly occurring surface defects caused by factors external to the crystal. In
order to do this, two-photon (2P) excitation was used. In 2P excitation the transition energy is
twice that of a single absorbed photon, as shown in Figure 3-5. The material is therefore
transparent to a single photon and only at the focal point of the excitation beam is the density of

photons high enough for excitation to be of significance.

To map the PL the acquisition optics were set up in a confocal arrangement with a scanning
aperture, positioned in the imaging plane. A schematic showing the optical set-up is presented in
Figure 6-2. The laser light entered through a ‘hot” mirror# which acted as a long pass filter. This
allowed light of wavelengths longer than 700 nm to pass through and reflected shorter

wavelengths such as that of the PL.

The excitation laser was a pumped Ti-Sapphire laser mode locked to produce a 100 fs pulse at
76MHz and was tuned to 800 nm. As currently there is no reported 2P absorption spectrum for
rubrene® an 800 nm excitation wavelength was chosen as it had successfully been used in 2P

excitation experiments undertaken by Mitrofanov ¢f 4/.[30] 1 am currently undertaking further

# A ‘hot’ mirror is termed as such as it allows the larger wavelength IR to pass through the component.
§§ Current experiments are being undertaken to plot the 2P excitation spectrum. These will provide a more
appropriate wavelength for future studies allowing more efficient excitation.
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studies to provide a 2P excitation spectrum. The same microscope objective was used for
focusing the excitation beam and acquisition of the PL. The objective used had a quoted 40 X
magnification with a numerical aperture of 0.5. The PL was guided by mirrors to a focusing lens
which converged the light onto the second focal point of the system. An aspherised achromatic
lens was used to ensure minimal chromatic and spherical aberrations. The lens had a 25 mm
diameter with a 50 mm effective focal length. The PL was focused onto an imaging plane within
which a fibre masked by a pinhole aperture selected the PL to be measured. The single mode
fibre functioned at wavelengths up to 800 nm with a cut off at 550 nm. To ensure light only
coupled to the core of the fibre the 3 um pin-hole was affixed directly onto the cladding above
the core. The pinhole ensured a high resolution could be obtained by minimising the cross
section of focused light collected in each measurement. The far end of the fibre was coupled into
a spectrometer where the spectrum of the collected PL was recorded. To ensure no laser light
entered the spectrometer, a short pass filter prevented any light of wavelengths longer than 690

nm being coupled out of the fibre.

To create a map of the PL, the pinhole and fibre were mounted on a translation stage which was
computer controlled with sub-micron resolution. The system was designed so that by scanning

the fibre in X,Y and Z, a 3D map of the PL could be produced.

The spectrometer used was a Horiba Jobin iHR 320 with a diffraction grating of groove density
300 G/mm and maximum resolution of 0.043. A CCD array was used to capture the spectrum
this was a Princeton instruments pixis CCD array with 1340 x 100 pixel sensor and was cooled to
-50° suing the internal electronic air cooler. Using a CCD array allowed the entire spectrum of
rubrene to be recorded in a single exposure with the spectrum projected across the 1340 pixel
width of the array. The conversion of pixel number to wavelength was calibrated using a Neon
lamp, the calibration spectrum can be seen in Figure 6-1. The fit was undertaken using the
Polyfit function in MatlLab, (Thanks are given to Alex Macfaden for performing this) 7
identifiable peaks were used for the fit. From the calibration curve a conversion equation was
derived. Wavelength could be converted from pixel location using 4 = 0.199p + (4,,, — 670)
where p is the pixel number running from 1-1340, and 4,,, the central wavelength which was
entered using the spectrometer controll software. For measuring the specttum of rubrene A,

was set to 600nm
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Figure 6-1 Neon lamp spectrum measured using the spectrometer and CCD array set up used to
calculate the pixel to wavelength conversion equation. (Plot produced by Alex Macfaden.)

Figure 6-2 Diagram of the optical arrangement used in the two-photon scanning confocal
microscope. The laser (800 nm) enters through a ‘Hot’ mirror which is transparent to light of
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wavelengths greater than 700 nm and reflective to those below. The laser is focused with the
same optical objective which collects the PL. The PL is guided through a confocal arrangement
and projected on an imaging plane. A scanning pinhole and fibre spatially select the acquired PL.

camera spectrometer
lens 90% mirror

mirrors micrometer light source
translation stage window
‘Hot’ mirror sample position CCD array

Computer controlled

X.Y,Z translation stage pinhole and fibre

micrometer translation ‘Hot’ mirror
stage

50mm lens laser entrance

Figure 6-3 Two photographs showing the experimental set-up of the two-photon scanning
confocal microscope. Beam paths are superimposed. A periscope arrangement raises the
excitation beam to the level of the microscope. The laser beam is focused on the sample and the
resultant PL is collected using the same optics. The PL is guided to the ‘hot mirror’ where it is
reflected and then projected onto an imaging plane.
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fibre end lens

short pass filter shutter slit entry to
spectrometer

Figure 6-4 Photograph detailing the optical coupling of the photoluminescence from the fibre
to the spectrometer. The short pass filter prevents any laser light from entering the spectrometer.
The lens and spacing is selected to match the numerical aperture of the incident light with that of
the spectrometer. The light path is superimposed

Figure 6-3 shows two pictures of the optical configuration. A periscope arrangement raised the
excitation beam to the level of the microscope entrance. Once within the microscope the
excitation beam was reflected down at the sample. The camera positioned directly above the
microscope, labelled CCD in Figure 6-2, was used for alignment of the sample. To allow
fllumination during alignment, a light source was input through the ‘light source window’ and
directed at the sample by the addition of a 50% mirror which was slid in and out for alignment

and measurements respectively.

The spectrometer and CCD array used to record the PL spectrum can be seen within Figure 6-3
a). In order to reduce noise the CCD array was cooled to a temperature of -50 °C. By using a
CCD array the entire spectrum could be recorded in one exposure, reducing the acquisition time

of the experiment.

Figure 6-4 shows the experimental setup at the spectrometer end of the fibre. A lens refocused
the light emitted from the fibre onto the entrance of the spectrometer. The numerical aperture
of the refocused light was matched to that of the spectrometer. The mechanical shutter

controlled the exposure time of the CCD and a slit regulated light entering the spectrometer.

The entire optical system was contained within a black box to ensure minimal interference from

external light sources.
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6.2 Characterisation of the experimental system

In order to analyse the data and understand its relevance to the excitonic nature of rubrene, it
was important to first characterise the optical system. Characterisation of the system involved
calculating the magnification in order to define feature sizes. Estimation and measurement of the
system’s resolution was also required as any imaged feature would be a convolution of the
resolution and the feature. In order to conclude if exciton diffusion was occurring, it was also

important to estimate the size of the excitation beam.

The magnification of the system was calculated by imaging a reference grid of known
periodicity™ which was illuminated from behind. The fibre was replaced with a CCD and the
resultant image can be seen in Figure 6-5. The magnification of the system was calculated using

Equation ( 6-1).

AX

== (6-1)

Ax is the size of the reference measurement in the focal plane of the microscope objective
(0.04 mm), in this case a multiple of the grid’s petiod. AX is the size of the reference
measurement in the imaging plane, this was measured as 0.38 mm giving a magnification of

M=9.5.

——

AX=0.38mm

Figure 6-5 Image of a back illuminated reference grid with period 10 um, AX is the distance
between the two green lines in the imaging plane.

The size of the excitation spot produced by the focused laser beam was calculated by assuming a
uniform wavefront illumination of the entire microscope objective. This assumption was made
as the laser beam was clipped and the incident light wavefront resembled more a plane

wavefront than a Gaussian beam. It is well known that the point spread function of a focused

“*The reference grid used is chrome on glace grid array with a period of 10 im. Thorlabs R11.3S3P.
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plane wavefront is an Airy disk pattern. More information on the airy pattern and its formation
can be gained from Chapter 10 of Hecht.[106] The intensity profile, 1(X), of an Airy disk is
described by Equation ( 6-2 ). Where 1(0) is the maximum intensity, J; is the 15t order Bessel
function, NA the numerical aperture and A the incident wavelength. The calculated normalised

intensity profile can be seen in Figure 6-6.

2),(27NAR)) 2

(6-2)
2 NA x//1

1(x) = 1(0)

As the excitation process required the interaction of 2 photons, the probability of excitation
scaled with the square of intensity. Figure 6-6 shows the excitation probability distribution over
the Airy function. Both functions were calculated for a 0.5 numerical aperture with an 800 nm
excitation wavelength as used within the study. The full width half maximum (FWHM) of the

excitation beam was calculated as 0.8 um and the FWHM of the probability distribution was

0.6 um.
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Figure 6-6 Blue - Normalised intensity profile of the focused excitation beam, calculated as an
airy disk with numerical aperture 0.5 and wavelength 800 nm. Red — square of the Intensity
profile giving a profile of the normalised probability of excitation.

Using the same equation and by substituting 4 with 700 nm (approximately the longest
wavelength within the PL spectrum) the resolution of the objective when collecting PL was
calculated. This gives a FWHM of 0.7 um. The same calculation was performed on the focusing
lens to estimate the resolution of the projected image. The numerical aperture in this case was
approximated as the ratio of the focal length and radius of the incident light beam. The incident
beam was limited by the aperture of the microscope objective. For the 50 mm focal length used,

a numerical aperture of 0.05 was estimated. This gave an airy disk FWHM of 7.2 um. Using the
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calculated value of the magnification this corresponded to a value 0.76 um at the focal plane of

the microscope objective and was the calculated resolution of the imaging system.

6.3 Determining the location of the surface
In order to record data at both the surface and within the bulk, it was important to devise a

method of accurately locating the surface.
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Figure 6-7 Imaging of the reflected laser beam in order to locate the surface of rubrene. a)
Image of the laser beam reflected from the surface, each pixel represents the peak intensity of
the spectrum. b) Profiles at the marked X (blue) and Y (red) positions. ¢) Plot of maximum pixel
intensity against Z fibre position for a collimated beam incident upon the imaging lens. The Z
position of the fibre is relative to the origin of the translation stage. d) Maximum pixel intensity
plotted against sample height for a set of images of the laser beam reflected from the surface of
rubrene. The detector is positioned at the maximum of plot c).

The data shown in Figure 6-7 details the method used for determining the location of the surface
of rubrene. The reflected laser beam was used to determine when the surface of the sample was
within the focal plane of the system. The fibre and pinhole (from herein referred to as the
detector) were positioned in the focal plane of the imaging lens. This position was determined by
lluminating the imaging lens with the collimated laser beam. The Z position of the detector was
then scanned to locate the maxima as shown in Figure 6-7 ¢). Once positioned at the maxima the
detector was within the imaging plane of the system. The sample was then illuminated with the
laser and the reflected light imaged. Images were recorded as the sample height was scanned.
When the image had maximum intensity and minimum spot size the surface was within the focal

plane of the microscope objective and any photo excitation which occurred will be at the
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surface. Having located the sample height at which the laser was focused on the surface this
sample position was then used as a reference to determine the depth at which any future

excitation occurred.

Of note in Figure 6-7 a) and b) is the image size of the reflected laser beam, the FWHM of
which is 24 um in the X direction and 25 pm in the Y direction. This corresponds to an average
of 2.6 um at the sample surface, a FWHM approximately three times larger than the calculated
resolution of the system. The reflected laser beam was the smallest feature which can be
produced within the imaging plane of the system and therefore an experimental measure of the
system’s resolution. The disparity between the calculated resolution and the measured resolution
can be attributed to the assumption of perfect lenses. Any effects of spherical or chromatic
aberration were ignored within the calculations. As will be shown later, although the resolution

was less than the ideal system it was sufficient to see the effect of exciton diffusion.

6.4 Photoluminescence data

PL spectra were recorded at several positions both at the surface and within the bulk of as-
grown rubrene samples. Figure 6-8 shows a typical photoluminescence spectrum recorded within
the bulk of the sample. The confocal microscope system had a relatively small signal to noise
ratio with only a small amount of the PL being coupled to the spectrometer for each detector
position. To increase the signal to noise ratio Figure 6-8 shows an average of several spectra all

acquired froma 1 pm X 1 pum area at the centre of the PL distribution.

The CCD detector had a combined read and dark noise offset which formed the baseline of the
spectra, this is cleatly seen in Figure 6-8 at an intensity of approximately 423. The transmission
cut off point of the spectral filter at approximately 690 nm is also cleatly seen with a sharp drop
in intensity. The spectra shows a strong resemblance with previous reported data such as that
discussed in Section 2.3.1 and as reported by Irkhin ef a/,[56] Mitrofanov ef al.,[30, 38] as well as
many others. The maximum of the spectra is located at approximately 607 nm. This agrees with
Irkhin e a/. who show a dominant peak at 608 nm and Mitrofanov ef a/. who see a peak at
605 nm dominate the spectra at temperatures above 100 K. Within the spectra in Figure 6-8, a
shoulder is present at shorter wavelengths located around 565 nm. This corresponds to the ¢ axis
polarised spectral band which Irkhin e7 a/. report as being centred at 558 nm and Mitrofanov ez a/.
see centred at 568 nm. The ¢ component can enter the ab-polarised PL spectrum by scattering of
light within the crystal and also by the collection of non-normal light in the numerical aperture of
the microscope objective. As we move to longer wavelengths and lower energies the spectrum

becomes less resolved. At these wavelengths vibronic modes start to overlap with other spectral
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bands and due to the broadness of the spectrum we are unable to resolve these individual peaks.
It is at these wavelengths that the presence of a peak has been reported to correlate with the
presence of defects. This is shown by Mitrofanov ¢# 4/ at a wavelength of 646 nm, and Chen ez
al. at a wavelength of 650 nm. The dominance of this peak is not seen in Figure 6-8 and
therefore it is likely that the emission at these wavelengths is due to vibronic components.
However, as will be shown later the presence of defects within the material increases the
intensity of emission at these wavelengths with respect to the other spectral components.
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Figure 6-8 Photoluminescent spectrum acquired from ~40 um below the surface. To increase
the signal to noise ration the spectra is an average of multiple spectra recorded at 25 detector
(pinhole and fibre) positions located in a 1um X 1 um square at the centre of the PL
distribution.
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Figure 6-9 PL integrated intensity plot for increasing sample height recorded at two positions of
the detector within the optical axis. The insert shows a schematic of the experiment undertaken.
The related PL spectra and distributions can be seen in Figure 6-10 .

To understand the effect of focussing the excitation beam within the sample the PL distribution
and spectra were recorded as the sample was incrementally raised and the focal point of the

beam entered the sample. The insert of Figure 6-9 describes the experiment with the main plot
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showing integrated PL intensity against sample height. The PL intensity is seen to rise indicating
the sample height at which the beam is focused within the sample and excitation becomes

probable. This experiment was carried out for two different z position of the detector.
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Figure 6-10 PL spectra and images for several sample heights. The top set of data show the
spectra and images for the indicated labelled sample heights with a relative detector height of
11.25 mm, the red outlined pixels in show the location from which the respective PL was
acquired. The lower set of data show the images and spectra for a relative detector height of 8.55
mm (the 0 mm height is furthest away from the imaging lens).

Figure 6-10 shows PL spectra and maps acquited as the sample surface was raised through the
focal plane of the microscope objective. PL maps and PL spectra were recorded at each labelled
sample height. The data displayed in the top portion of Figure 6-10 was recorded with a detector

position 2.7 mm closer to the lens than the data presented in the lower portion. The pixel
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intensity represents an integral of the entire PL spectrum for that respective location. Figure 6-9
clearly shows that 2P excitation only occurs within the high intensity focal point of the laser.
This is indicated by the lack of PL at sample heights below 0.08 mm, at these sample heights the

laser is focused above the crystal’s surface.

Both sets of PL maps show the shape of the PL distribution changing with sample height. This
variation was due to the introduction of spherical aberrations as the excitation beam was
refracted at the surface of rubrene. Figure 6-11 shows how as the laser beam was refracted, the
focal point would move deeper into the crystal with respect to the original focal length. The tight
focal point would also become smeared out. As the sample surface was raised, and the angle of
refraction therefore increased, the amount by which the focal length was shifted and the focal
point smeared would increase. This shift in the position of excitation would in turn shift the
imaging plane in which the PL distribution was projected. This led to the unusual variance in PL

distribution which can be seen within Figure 6-10 .

The effect of spherical aberrations in shifting the imaging plane made it necessary to determine
the correct Z position of the detector before acquiring PL measurements from within the bulk.
This was done by first raising the sample to the desired position and then recording several PL
maps at different Z positions of the detector. The detector was at the correct Z position when

the PL had maximum intensity coinciding with the smallest distribution profile.

ray path
objective e

;s focal plane
)

rubrene

Figure 6-11 Schematic showing the effect of spherical aberrations. Left shows the case for
focusing into rubrene (modelled Snell’s law for a refractive index of 1.5)

Figure 6-12 shows the PL distribution and spectra recorded within the bulk, a) and c), and at the
surface, b) and d). Both sets of data were acquired for the same sample. The surface in both

cases was located by measuring the intensity of the reflected excitation beam. The bulk
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measurements were recorded with the sample raised by 40 um. In all cases the Z position of the
detector was determined by finding the location at which the PL intensity was maximum and the
spatial distribution minimum. The presented spectra in Figure 6-13 were acquired from the
respective colour outlined pixels. Contour lines are shown at 75%, 50%, 25% and 5% of the

maximum intensity.

The average full width half maximum (FWHM) of the bulk PL distribution profiles shown in
Figure 6-12 a) and c) are 4.5 um and 4.8 pm respectively. This FWHM is greater than that quoted
for the resolution of the system (2.5 pm). As the excitation profile is smaller than the resolution
limit, the PL therefore shows a distribution which is greater than the region of excitation. By
comparing the PL distribution at both the surface and within the bulk, it can be seen that the
size of the distribution increases within the bulk. The PL distribution recorded at the surface had
an average FWHM of 5.0 pm and 5.3 um for the cross section profiles of Figure 6-12 b) and d)

respectively.

Figure 6-13 shows a PL distribution recorded within the bulk of rubrene. Figure b) shows the
fitted spectra with Figures c), d) and ) mapping the central intensity of each fitted peak. The PL
distribution is markedly different from that displayed in Figure 6-12. Of note is both the
non-symmetric diffusion pattern and the large distance from the excitation point at which there

is still a relatively high intensity of PL.

In order to view the variation of the PL spectral components’ relative intensities throughout the
sample, three Gaussian peaks were fit to the PL spectrum. Equation ( 6-3 ) was used for fitting
the PL, with s denoting the maximum intensity of each Gaussian peak where B denotes the
respective band, Ep and op denote the Energy position and width of each peak. Ep, and os

remained fixed during fitting.

Fitting was undertaken within the energy spectrum. Fitting in the energy spectrum allows the
application of Gaussian functions. A Gaussian function is appropriate as the photoluminescence
is the result of many electronic transitions. A Lorentzian which is appropriate for an isolated
molecule is therefore not applicable as the many energetic transitions will have a normal
distribution around a central mean value. The tails of the function are therefore not as abrupt as
in the in Lorentzian and a Gaussian is used. The use of Gaussian and Lorentzian functions is

explained in further detail in Chapter 2 of Fox.[59]
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Figure 6-12 PL maps and spectra recorded at the surface and bulk of rubrene. The surface was
located using the reflected laser beam. a) and ¢) were acquired at the surface with b) and d) at
40 um below the surface. a) and b) were recorded at the same lateral location with ¢) and d)
recorded at a location around 500 pm away on the same sample. Cross sections of each PL map
are plotted for both directions; the location of the cross section is marked on each map. The
spatial location of each spectrum is marked by a colour coded pixel outline. Intensity contour
lines are plotted showing 75% - yellow, 50% - orange, 25% - green, and 5% - purple.
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The relationship between the photon energy (E) and the wavelength(d) was calculated using

Equation (6-4) where hc=1240 eV-nm.

_(E-Ep? _(E-Eyp? _(x=Eg)* (6-3)
I(E) = Le 2012 4 Iye 2om®> 4 Ige 200 4 Of fset

hc (6-4)

Table 6-1 Fixed parameters used in equation ( 6-3) to fit photoluminescence spectra.

Band | ] O
Parameter
Es [eV] (A [nm]) 2.17 (571) 2.06 (603) 1.92 (644)
os [eV] 0.0391 0.0537 0.0732

The fixed values of Ep and op are shown in Table 6-1. These were determined by fitting a strong
PL spectrum acquired from the bulk. op and Iz were allowed to vary freely while Ep remained
fixed to the position of the three room temperature dominant peaks reported by Mitroanov ef
al..|30] The final value of op and Ep were set by then allowing all parameters to vary after being

initialised with the results of the previous fitting.

The energy locations of the three bands are slightly different to those reported by Mitrofanov ez
al. as Equation ( 6-3 ) does not account for the smaller vibronic progressions. One of which is

known to lie very close to the position of band O.

The relative intensity of each of the spectral components is not uniform. In comparison, the PL
maps presented in Figure 6-12 show a roughly uniform relative intensity of the peaks. This
variance in relative peak intensities is highlighted within Figure 6-14 which maps the ratio of the
central intensities of fitted peaks corresponding to band O and band III. As can be seen the

dominance of band O and II1 varied depending on the position within the sample.
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Figure 6-13 Image of PL intensity recorded within the bulk of rubrene at the site of a defect. a)
Map of integrated PL intensity, b) fitted spectra for the indicated pixel in a), ¢) d) e€) map of the
Maximum Intensity for each respective fitted band.
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Figure 6-14 a) Map of the ratio of the fitted bands O and III for the images presented in Figure
6-13. b), c) and d) show the PL and fitted peaks for the labelled pixels in a).
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6.5 Discussion of data

Having designed a system to perform 2P excitationttt within the bulk of the crystal, successful
acquisition of PL was accomplished. Figure 6-8 shows a PL spectra which is in agreement with
previous reported spectra. The PL was emitted from within the bulk of the sample with
excitation occurring approximately 40 um below the surface. The spectra showed a dominant
peak at 607 nm which was accompanied by a shoulder attributed to c-polarised emission at
558 nm. At higher wavelengths the PL was not resolvable into individual constituents. This
spectra is characteristic of a pristine rubrene crystals with no defects and confirms successful

acquisition of PL spectra produced by excitation within the sample.

The data presented in Figure 6-9 shows that the system, working as designed, is only producing
excitons at the focal point of the laser beam. This is evident, as when recording the PL, while
increasing the sample height, no emission is detected until a sharp rise occurs. The point at
which the PL sharply increases occurs as the focal point of the excitation beam coincides with
the surface of the sample. However, it is clearly seen that in order to fully understand the depth
profiling of samples further characterisation is required. As light is focused below the surface
spherical aberrations cause a smearing and shift of the focal plane. This leads to the imaging of
apparent unusual PL distributions. This is caused as the system is not imaging at the new
effective focal point of the system. Care must be taken for any experiments which are sensitive

to sample movement along the optical axis of the system.

If we consider the data presented in Figure 6-12, Figure 6-13 and Figure 6-14 it is possible to
build a picture describing some of the excitonic processes occurring within rubrene. The first
observation of note is the distribution of PL within the maps in Figure 6-12. The PL distribution
is larger than the laser profile presented in Figure 6-7 a). The PL distribution is therefore larger
than the excitation profile. From this we can conclude that the excitons must be diffusing from
the point of excitation before they radiatively decay. This is in agreement with previous studies
by Itkhin ez a/,[20] which show exciton diffusion occurring within the ab plane of rubrene. The
exciton diffusion shown in Figure 6-12 however does not appear to show any crystallographic
axis dependence as seen by Irkhin e7 a/. The apparent lack of crystallographic dependence could

though, be attributed to the less than ideal spatial resolution of the system.

The spectra presented within Figure 6-12 shows a variation between the surface and bulk

measurements. This variation seems to show a suppression of the band I1I. This is in agreement

it In order to ensure that excitation occurred due to two photon absorption the PL intensity as a response
of power should be measured. This needs to be undertaken before further studies to confirm we are
definitely seeing the effect of 2P excitation.

104



with data presented by Mitrofanov ez a/..[30] They see both a suppression of band III as well as
an increase of band O, as PL excitation moves from the bulk to the surface. It is suggested by
Mitrofanov ef al. that this is due to the inclusion of atmospheric oxygen within the material. The
samples used within this study have been stored in atmospheric conditions and therefore this

data is consistent with the hypothesis proposed by Mitrofanov ef al..

Figure 6-13 and Figure 6-14 show non-symmetric exciton diffusion. The diffusion pattern shows
two well orientated lines which are consistent with other PL. maps acquired within this sample.
The consistent and well orientated PL diffusion implies that presence crystallographic defects
which are seen throughout the sample. The defects cleatly appear to affect the diffusion of the
exciton, stimulating the emission of all the PL bands at specific locations. It is interesting that the
emission of the O band appears to occur adjacent to that of the other bands and not at the same
position, this is shown clearly in Figure 6-14. The PL distribution implies the recombination of
each exciton is affected by the presence of defects within the material. The variation of relative
peak intensities further suggests that the recombination of excitons forming the O-band is
mediated differently at crystallographic defects. This agrees with Mitrofanov e a/,[30, 38] and
Chen ¢t al,[79] who both suggest that the presence of the PL band located around 650 nm (band
O) is due to the incorporation of defects. As has previously been discussed the origin of this
band is disputed. It is debated whether it is due to the incorporation of oxygen or the presence
of amorphous rubrene pockets in the crystal. The work presented in this chapter on its own
cannot resolve this debate. The increased emission of the O band could feasibly be due to an
increase of amorphous inclusions at structural defects, or also an increase in oxygen inclusions

which require the steric deformation allowed at structural defects.

6.6 Conclusions

This chapter details the design of a bespoke confocal microscope used to image the
photoluminescence distribution both within the bulk and at the surface of rubrene. It has been
shown that the system can acquire PL which has been excited from within the bulk. The
recorded PL agrees with previous reported pristine rubrene spectra. The system has successfully
imaged the PL at a resolution which is able to show the occurrence of exciton diffusion within
the material. The exciton diffusion has been seen to vary between the surface and within the
bulk, having larger exciton diffusion at the surface. A suppressed 603 nm band III at the surface
was also noted. This shows the increased presence of environmentally incorporated defects at

the surface, in line with studies by Mitrofanov ez a/..[30]
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The mapping of PL at the location of crystallographic defects has shown the influence of a
structural defect upon exciton diffusion, with emission stimulated at the presence of the
crystallographic defect. By successfully fitting the PL spectra with 3 Gaussian peaks it has been
possible to track the variations in spectral components. This has shown that the emission of the
650 nm line is strongly dependent on the presence of defects, having only a small contribution to
the PL where no structural defects are seen to be present. The emission of the 650 nm line is
also seen to be spatially displaced from the maximum PL intensity of the other bands. This
implies that the recombination pathway leading to 650 nm emission may follow a different
process from that of the other bands and is mediated by the presence of a defect. This data on
its own however does not shed light on the nature of this defect, whether it is amorphous

rubrene as discussed by Chen ¢ a/. or an oxygen incorporation as put forward by Mitrofanov ez

al..

The study presented within this chapter provides initial observations of the effect of defects on
excitons within rubrene. Notable differences have been observed between the PL of a sample
location with no detectable defects and one with a structural defect. In order to provide a full
understanding with conclusive evidence these experiments need be undertaken on several more
samples. Ideally sample positions with and without defects should be found within one crystal. A
full understanding of these effects will have implication on the performance and design of
rubrene based devices, in particular photo voltaic cells. The future work of these studies is

discussed further in Section 7.2 .
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Chapter 7

Conclusions and future work

7.1 Conclusions

The aim of this work was to probe the intrinsic properties of single crystal rubrene and observe
how these properties were affected by exposure to the environment and the presence of
structural defects. This was undertaken using atomic force microscopy (AFM), time of flight
secondary ion mass spectroscopy (ToF-SIMS) and photoluminescent (PL) spectroscopy. The
highlights of this work are summarised below followed by a desctiption of future work which

has been stimulated by this research.

To study the surface evolution and degradation, a method of cleaving was first devised to
produce pristine surfaces free from previous exposure to the ambient. The resulting surfaces,
along with the as-grown surfaces, were then analysed using several techniques. To allow
nanometre resolution imaging of surface features AFM was used. This allowed the tracking of
nanoscale topographical evolution on the surface. With the addition of Conductive-AFM it was
possible to obtain information as to how the imaged features affected local electrical properties.
In otrder to further understand the origin of environmental defects within the material, a
technique with chemical specificity was sought. ToF-SIMS provided a potentially ideal technique
to accomplish this, allowing spatial analysis of the chemical composition at the surface. Finally in
otrder to provide information on the nature of the exciton, a confocal PL arrangement was
designed. The microscope used two photon (2P) photoexcitaton to generate excitons and a

scanning aperture to spatially map the PL around the point of photo excitation.

Cleaving of the surface was successfully accomplished, reproducibly creating environmentally
unexposed surfaces. These were exposed from within the bulk of the crystal and produced large
terraces, intersected by straight step edges with regular orientations. The resulting surfaces
provided the ideal environment for investigating pure rubrene surfaces. With terraces produced

which were larger than any reported in the literature.
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By imaging the pristine surfaces of rubrene both immediately after cleaving and after exposure to
the environment, two distinct processes were identified; initially the three-dimensional growth of
nanoscale beads, followed later by the formation and two-dimensional growth of narrow,
monolayer high fingers. The environmental dependence implied the incorporation of an
atmospheric component. However, the AFM imaging was unable to provide details on the exact
structure and chemical composition of the features. Both features occurred at the location of
step edges implying that the environment was suitably different at these positions. The step
edges offer a different chemical environment to the terraces and also allow for a degree of steric
deformation. Both of these localised properties have the potential to make a reaction with the
environment more favourable. The application of C-AFM showed that the beads exhibited an
insulating behaviour with an increase in conductivity in a localised area of the crystal surface,
directly surrounding to the beads. The lack of conduction implied that the beads were formed in
an amorphous phase preventing a continuous overlap of molecular orbitals and therefore
obstructing conduction. The results of AFM and C-AFM studies indicate that the presence of
crystallographic defects, such as grain boundaries and step edges will control the post growth
modification of the surface and in particular the conductivity. The technique though falls short

of informing us of the chemical composition of the modified surface.

In striving to analyse the chemical composition both at and below the surface of rubrene, ToF-
SIMS was utilised. The technique offers the potential to map the chemical composition in three
dimensions. The data acquired provided the first reported ToF-SIMS analysis of rubrene and
indeed any organic single crystal surface. The chemical map of the rubrene surface showed the
existence of two types of oxide on the surface; a uniform coverage of rubrene-oxide existed
across the surface, alongside a lesser rubrene-peroxide signal, which increased considerably at
crystallographic defects. The increase of the rubrene peroxide signal at crystallographic defects
agrees with the AFM studies which suggest that this molecule can only be incorporated at

locations allowing chemical variance as well as steric deformation.

In order to understand how the exciton diffusion is effected by the presence of defects and study
the spectral dependence on exciton diffusion, a bespoke PL. measurement system was designed
and built. This utilised 2P excitation to generate excitons both at the surface and within the bulk
of the material. A confocal arrangement with scanning aperture was used to map the resultant
PL with spectral resolution. The spatial resolution of the system allowed for the exciton
diffusion to be imaged. This diffusion was seen to vary between the bulk and the surface, having
a larger distribution when excitation occurred at the surface. It was also seen that at the surface,

PL band III, located at 603 nm, was suppressed. This agrees with previous findings by
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Mitrofanov e af,[30] which imply that suppression of this band occurs due to a reaction with
oxygen in the environment. Mapping the PL produced when exciting a defect incorporated
sample showed the strong affect which crystallographic defects have upon the PL distribution
profile and spectrum. This sample showed a general increase in the spectral O band at 644 nm,
with all PL. bands showing an increase in emission at the site of the crystallographic defects. A
variance was seen in the location where each band had strongest emission. Band O cleatly had
the strongest emission displaced from that of the rest of the spectrum. From this it was
concluded that the recombination of excitons to produce the O band emission followed a
different recombination process to that of the other bands. It is suggested that this

recombination is therefore heavily mediated by the presence of defects.

The studies presented within this thesis have provided information on the development of
rubrene upon interaction with the environment. This has shown that environmental reactions
readily occur at the location of crystallographic defects and step edges. This has been shown by
the development of features at step edges and also the presence of rubrene peroxide at
crystallographic defects. Further to these observations, which agree with previous reports seen in
literature, a uniform oxide was seen to exist at the sample surface. The pristine surface of
rubrene (defect free) is thought to be resilient to oxidation. The presence of this uniform oxide is

therefore of importance and requites further study.

This work has not only provided novel information on the properties of rubrene but also
assembled a set of appropriate techniques and developed methodologies. These enable the
systematic characterisation of technologically important processes on organic semiconductors.
Cleaving provides an elegant method of reproducibly preparing clean flat surfaces. AFM and
ToF-SIMS are shown to be appropriate tools for monitoring the degradation processes that will
limit the lifetime of organic electronic devices. The methodologies developed here should extend

to other organic single crystals such as pentacene and tetracene.

7.2 Future work

The techniques and methodologies assembled and developed for this research provide a vast
array of possible future studies. Much of this future work builds directly upon the work
presented here, offering several seamless continuations. The following sections will briefly

discuss these proposed studies
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7.2.1 Environmentally driven topographical variations

In continuation of the AFM studies, it is necessary to discern which atmospheric components
drive the formation of fingers and beads. By controlling the environment in which the surface is
cleaved and subsequently evolves it will be possible to identify these atmospheric components.
This will be done by cleaving the samples in different environments and imaging the surface

after several days within the environment.

The proposed environments are dry high purity nitrogen, dry air, ‘wet’ high purity nitrogen and
‘wet’ air. The environments will be created by purging a sealed container to just above
atmospheric pressure. The ‘wet’” environments will be created by passing the purging gas through

water.

7.2.2 ToF-SIMS studies
A large portion of the ToF-SIMS studies reported in this thesis have pertained to developing the
method required for rubrene analysis. The methodology has now been refined, allowing further

utilisation of the technique.

There are several interesting lines of potential study. First, revealing the difference in chemical
composition of the as-grown surface and the recently cleaved surface. A recently developed
technique allowing in-situ cleaving will also allow analysis of the unexposed cleaved surface.
Although the resolution of the system (100 nm) will not allow chemical mapping of individual
beads, it will be possible to view the chemical variance between terraces and step edges where
there is a high density of beads. It is proposed that these studies may be done in conjunction

with Ion-TOF who have the world’s only AFM and ToF-SIMS combined machine.

ToF-SIMS will also be instrumental in understanding the nature of oxidation within crystalline
rubrene. This will include further studies to understand the presence of atomic oxygen seen at
the top monolayer and the presence of defects. This inclusion of oxygen is of interest as it does
not show any correlation with the presence of oxidised rubrene. These studies will involve local
anodic oxidation, which showed this atomic oxygen inclusion, as well as studying the depth

profile of oxygen and rubrene oxide.

In conjunction with PL studies ToF-SIMS should be able to provide conclusive data regarding
the 650nm PL emission and its relation to oxidised rubrene. This can be done by comparing

maps and depth profiles of PL and chemical composition.
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7.2.3 Further development of optical studies,

Further refining of the scanning optical microscope design will allow for an increased resolution
of the system. By increasing the numerical aperture of both the microscope objective and the
focusing lens, it should be possible to quantitatively measure the diffusion length of the excitons.
Further work is needed to develop the z-axis resolution of the system. This will take into account
the spherical aberrations which are inherent within the system. Initially a calibration curve should
be calculated and measured to estimate the focal position with respect to depth. This will allow
mapping in the z direction and will lead to an understanding of the limitations of the confocal

nature of the system.

7.2.4 Development and characterisation of rubrene solar cells

The ultimate goal in characterisation of rubrene is to enable design and optimisation of rubrene
based electronic devices. The optical and electrical properties of rubrene, namely long exciton
diffusion and high charge carrier mobilities, make it an ideal candidate for solar cell

development.

The techniques presented within this thesis offer an ideal basis for probing the physical
processes which occur in solar cell devices. Understanding these processes will provide optimal
specifications for the device such as, contact spacing, active layer thickness and surface

treatment. Figure 7-1 shows a rubrene solar cell concept.

Contacts

Exciton Splitting

Interface  ~__

Charge
Separation

Exciton "'? ﬂ 8

UGy Rubrene

Figure 7-1 Concept of a solar cell device based on a thinly cleaved rubrene sample.

The proposed study to enable solar cell design will electronically probe exciton diffusion. This
would be done by developing the confocal microscope system with the addition of an in-situ C-
AFM. 2P excitation would occur within the bulk, with a C-AFM cantilever at the surface

measuring the resultant electrical current. Figure 7-2 illustrates this system.
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In order to progress with the development of a rubrene solar cell, the following plan should be
implemented. First of all, determine factors which affect the conversion efficiency. This would
be done by developing a full understanding of the photo-carrier generation process in rubrene,
from photon absorption, through exciton diffusion to the carrier separation process. The second
stage would evaluate the impact of rubrene interfaces (with other organic materials, as well as
with the environment) on exciton splitting and develop methods for modifying and controlling
electronic and optical properties of rubrene on the microscopic level. Finally, in order to develop
a photovoltaic cell prototype and find the optimal operation conditions, fabrication methods
would be developed. These methods would be: (1) producing devices with required rubrene
thickness, (2) deposition of exciton splitting interfaces and (3) developing compatible electrical

contacts.

C-AFM cantilever

Local Conductivity
e
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of surface " Exciton
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Figure 7-2 Proposed scanning probed microscope system which combines C-AFM, confocal PL
spectroscopy and 2 photon microscopy.
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